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Upon transfer of a genetkaBy engineered Escherichia coU 
gene for glyceroI-3-phosphate acyltransferase {plsB) to 
Arabidopsis thaliana (L.) Heynh., the gene is transcribed 
and translated into an enzymatically active pdypeptide. 
This leads to an alteration in fatty acid cmnposition of 
membrane lipids. From these aherations it is evident that 
the enzyme is located mainly inside the plastids. The 
amount of saturated fatty acids in plastidial membrane 
lipids increased. In particular, the fraction of high- 
temperature melting species of phosphatidylglycerol is 
elevated. These molecules are thought to play a crucial 
role in determining chilling sensitivity of plants. An 
increase in sensitivity could be observed in the transgenic 
plants during recuftivation after chillmg treatment. 
Implications for the hypothesis of phosphatidylglycerol- 
determined chiDing sensitivity are discussed 
Key words: acyltransferase/fatty acid composition/phospha- 
tidylglycerol/stress/transgenic plant 



Introduction 

Many plants of tropical and subtropical origin, when e?qx>sed 
to low non-freezing ten^ratures (0-15**Q, develop 
symptoms indicative of injured performance that are 
collectively named chilling sensitivity. The critical 
temperatures may interfere in many functions with 
consequences for growtfi, yield, transport and storage in such 
plants (Long and Woodward, 1988). The phenomenon 
always includes impairment exceeding that renting from 
the reduction of metabolic rates caused by decreasing 
temperatures. The metabolic interference at low ten^ratures 
may also limit growth or survival after subsequent return 
to higher temperatures. Maintenance of a fluid state of 
membrane lipid components is thought to be one of the 
prerequisites for unimpaired survival at lower temperature 
(Lyons, 1973). A lateral phase separation of non-fluid 
membrane components may be die primary defect caused 
by exposure to low temperature. 

CMling sensitivity in different plants may be mediated 
by different membrane systems depending on their content 
of specific, non-fluid lipid classes. In plastidic membranes 
phosphatidylglycerol (PG) has been identified as a critical 
component in this respect (Murata, 1983). The correlation 
between chilling sensitivity and a high content of non-fluid 



PG has been exemplified in many plans (Roughan, 1985; 
Bishop, 1986). The phase transition of this high-tcn^rature 
melting fi^ction of phosjAatidylglycerd (htm-PG) is the first 
event to occur as temperature drops which tficn initiates 
membrane dysfunction (Raison and Wf^t, 1983; Murata 
and Yamaya, 1984; Bishop and Kenrick, 1987). On die other 
hand, a low proportion of htm-PG a required but not 
sufficient for chilling tolerance, since additional ^ors are 
essential for membrane function at low temperanire (Long 
and Woodward, 1988). 

In chilling tolerant plants, all these requirements are met 
and, therefore, defined factors can be experimentally 
perturbed. In die experiments described here, we have 
increased the proportion of saturated fmty acids in PG in 
chloroplasts and thus increased its non-flmd propoftion. This 
caused a chilling tolerant plant to become chilling sensitive 
witfi symptoms visible during recultivaoon of cold-treated 
plants under warm conditions. In parallel work {Hiblished 
recently (Murata et al., 1992) a similar sttaiegy was followed 
and despite the use of different plant species and enzymes 
both approaches came to the same conclusions and, 
therefore, provide independent evidence for the involvment 
of PG in chilling sensitivity. 

The biosynthesis of die non-fluid PG componect in plastids 
(Mudd et al., 1987) can be attributed lo die properties of 
a single enzyme, acyl-ACP:jn-glycerol-3-phosphate 
acyltransferase (GPAT) (EC 2.3. 1 . 15). This ac^&ansferase 
initiates glycerolipid syntfiesis in plastkb by catalysing the 
acylation of die CI position of ^rt-glycefol-3-irfw^hate. In 
chilling tolerant plants, die acyltransferase selects only oleic 
acid (18:1) from die mixnire of acyl-ACP containing mainly 
18:1 and palmitic acid (16:0) (Frentzcn et al., 1983). In 
contrast, in chilling sensitive plants (Cronan and Roughan 
1987; Frentzen et al,, 1987), die enzyme indiscriminately 
accepts all acyl groups of acyl-ACP. The product 1-acyl- 
glycerol-3-phosphate is subsequentiy csierified at C2 with 
16:0 in bodi chilling tolerant and sensitive plants (Frentzen 
et al, 1983). The resultant phosphatidk acid is converted 
to PG (Mudd et al., 1987) in which d>c fatty ackls reflect 
die selectivity of die first acyltransferase: chilling resistant 
plants produce mainly 18:1/16:0 PG, whereas chilling 
sensitive plants have in addition varxius proportions of 
16:0/16:0 PG, depending on die selectivtfy of die particular 
acyltransferase. After assembly, Cl-bound 18:1 is converted 
to linoleic (18:2) and ftmher to linolanc acid (18:3). The 
C2-bound 16:0 is partially converted to i-trans-bexadecenoic 
acid itrans-l6: 1), which in its physical properties is similar 
to a saturated fatty acid (Bishop and Kenrick, 1987; Murata 
and Yamaya, 1984; Raison and WrighL 1983). Therefore, 
it is die lack of selectivity of die first acyitransfiOTse which 
results in the accumulation of high-temperature melting 
16:0/16:0 and 16:0/fra«5-16:l species of PG. 

To increase the accumulation of hun-PG in a chilling 
tolerant plant, we transformed such plants in onter to express 
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an acyltransferase that should increase the incorporation of 
16.*0 into the CI position of glyceroI-3-phosphate during lipid 
synthesis in chloroplasts. The acyltransferase from 
Escherichia coli encoded by the pbB gene (Lightner et al, , 
1983) is well suited for this purpose, as it preferentially uses 
16:0 for acylation (Rock etal., 1981), and in fact, the 
transformation of a chilling tolerant plant with the plsB gene 
of £,coii resulted in increased chilling sensitivity. 

Results 

Construction of a chimeric acyttransferase gene 

To achieve functional expression and correct subcellular 
targeting of the bacterial pisB gene we combined four 
different genetic elements. A strong plant promoter and the 
coding region of a signal sequence for import into plastids 
(transit peptide) were both isolated from rbcS-1, a strongly 
e?q)ressed gene of the small subunit of ribulose bisphosphate 
carboxylase (rubisco) of potato (Wolter et al., 1988). This 
was fused to the coding region of the plsB gene from E.coli 
(lightner et al., 1983), and finally the polyadenylation signal 
from the octopine synthase gene was added (Koncz et al. , 

1987) . The fusion protein oicoded by this chimeric construct 
starts with a transit peptide of 60 amino acids identical to 
thai of rbcS-1 followed by the first three amino acids of the 
mature small subunit of rubisco. The following tryptophan 
codon specifies the fourth amino acid of the mature small 
subunit of rubisco as well as the fourth codon following the 
first of the two possible start codons of pbB (Lightner et al. , 
1983). The pbB coding region continues for 803 codons. 

Transformation of Arabidopsis 

The chimeric gene construct was cloned as a HindlU 
fragment into the unique HindTU site of pGSC 1704 plasmid 
which was transferred to Agrobaaerium. Cocultivation, 
selection and shoot induction of Arabidopsis thaliana were 
carried out as described earlier (Schmidt and Willmitzer, 

1988) . From two experiments six independent hygromycin 
resistant lines were regenerated. Plants of the fourth 
generation obtained by successive self-crossing were used 
for further analysis and in particular two lines, no.4 and no.6, 
were analysed in dmil. OvXy plants from line no.4 exhibit 
a phenotype which differs significantly from wild type. These 
plants are tiny and prone to premature flowering. As a 
consequence no typical leaf rosette is formed and a multitude 
of shoots emerges from each plant. Plants of line no.6 are 
similar in habitus to wild type, but plants from both lines 
grow slowly and have a low yield of viable seeds. 

Expression 

To demonstrate that the plsB sequerrce is actively transcribed 
total RNA was isolated from leaves of transgenic plants. 
After separation by gel electrophoresis and transfer to nylon 
filters the RNA was hybridized to a labelled probe of plsB 
antisense RNA (Figure 1). For both transgenic lines a signal 
of -3 kb was observed, which is reproducibly more 
intensive in samples from line no.4. This size is in excellent 
agreement with the expected length for a transcript derived 
from the chimeric pHAMPL construct coding for 860 amino 
acids plus 5' and 3' non-translated regions. 

To prove that this RNA is properly translated, proteins 
from crude membrane fractions were subjected to 
SDS-PAGE and transferred to nylon membranes. The PlsB 
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Fig. 1. Transcription of the bacterial acyttransferase gene in transgenic 
plants as analysed by Northern blotting. Identical quantities of total 
leaf RNA (15 /ig) were subjected to electrophoresis, transferred to a 
nylon filter, and probed with a digoxigenin-Iabcllod RNA 
compIenrKntaiy to a 1.2 kb fragment of the bacterial plsB gene. RNA 
from the transgenic lines no.4 and no.6 were loaded on to the left t«o 
lanes, RNA from wild type (WT) on to the right lane. The position 
and size of marier RNAs is indicated at the righL 
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Fig. 2. Deteaion of the bacterial acyltransferase in transgenic plants 
by Western blotting. Identical quantities of membrane material 
corresponding to 20 fig chlorofrfiyll were subjected to SDS-PAGE and 
probed with an amibo^ against the bacterial acyltransferase. Xjxaskti 
and size of marker proteins are indicated at the right. WT. membranes 
from wild type plants; 4, membranes from transgenic line no.4; 6. 
membranes from transgenic line no.6; E, partially purified £.co// 
acyltransferase; B, sample buffer. 

polypeptide was detected by dn^x-PlsB antibodies as shov^n 
in Figure 2. Lines no.4 and no.6 exhibit a positive reaction 
with the signal corresponding to a protein of -90 kDa, 
which again agrees well with the expected molecular weight 
of the plsB protein. Weaker signals at lower molecular 
weight are probably due to degradation products. 

Additionally, membrane fractions from wild type and 
transgenic plants were used for an enzymatic assay, and 
increased GPAT activity was observed in both transgenic 
lines. For line no.6 a 4-fold higher activity was measured 
as compared with control membranes, and in line no.4 the 
value was eight times higher. Tlierefore, we conclude that 
both transgenic lines transcribe the plsB gene and translate 
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TaWe 1. Upid com posirion of wild tipe (WT) and tramgenic Arabidopsis plants (lines no.4 and bo.6) 
Lipid component 



WT 



no.4 



Monogaiaciosyl diacylglyccrol (MGD) 
Digalactosyl diacylglyccrol (DGD) 
Sulfoquinovosyl diacylglyccrol (SQD» 
Ccrcbrosidc 
Stcryl glucosidc 
Phosphatidylcholine (PC) 
PhosphatidylcthanoUminc (PE) 
Phosphatidylglycerol (PC) 
phosphatidylino&itDt 
Phosphatidylscrine 
Phosphatidic acid 



40 
16 
3 
2 
2 
16 
7 
9 
4 
<1 
<l 



39 
14 
4 
3 
3 
IS 
7 
9 
5 
<1 
<l 



no.6 

39 
15 
3 
2 
I 

16 
7 
10 
5 
<l 
<1 



Data are given as mole %. 



Trf* n. Fa«y «d composition of *c main Upid classes for wild type (VHl and transgenic plants (li^s ■o.4 ^ no.6) 



Fatty acid 



Lipid 



PG 



MGD 



DGD 



SQD 



PC 



PE 



Ptant 



16:0 



16:1' 



16:2 



16:3 



18:0 



18:: 



WT 

D0.4 

no.6 

WT 

no.4 

no.6 

WT 

no.4 

no.6 

WT 

00.4 

00.6 

WT 

no.4 

no.6 

WT 

no.4 

no.6 



34 
56 
53 
2 
6 
4 
16 
23 
30 
40 
54 
44 
22 
30 
29 
31 
35 
35 



21 
17 
17 

1 

1 

0 
0 
0 
0 
0 
0 
0 
1 

0 
0 
0 
0 
0 



0 

0 

0 

2 

2 

2 

1 

1 

1 

0 

0 

1 

0 

0 

0 

0 

0 

0 



1 
1 

0 

31 

24 

30 
2 
1 
2 
1 
I 
0 
1 

0 
I 
0 
0 
0 



2 

4 

4 

0 

0 

0 

2 

3 

3 

3 

4 

3 

2 

4 

3 

3 

2 

2 



18:2 


18:3 


8 


26 


4 


16 


5 


17 


2 


62 


2 


65 


2 


61 


4 


73 


3 


69 


2 


60 


8 


45 


6 


34 


7 


45 


29 


39 


23 


40 


23 


41 


33 


30 


26 


33 


26 


34 



•16:1 in PG is miiu-16:l. , 
For abbreviatioos see Table 1. Fany acids are chaiacwized by caibon and 

the RN A into an enzymaticaBy active protein of the expected 
size The expressed protein as weU as the aizyniatic activity 
are associated with membranes. The expression is higher 
in line no.4 as judged from Northern blots as weU as from 
measured enzymatic activity. 

Lipid composition 

The expression of an additional enzyme of bacterial ongm 
which contributes to the synthesis of lipids, does not alter 
the overaU proportions of membrane lipids m leaves, and 
in particular, the proportion of PG in chloroplaste was not 
siaiificandy changed (Table 1). A detaUed analysis of the 
fatty acid composition in the different lipid classes and of 
their positional distribution in the main plastidial lipids 
revealed characteristic differences between the transgenic 
lines and wild type plants (Tables H and ffl). The data for 
wad type plants regarding lipid proportions as weU as profile 
and positional distribution of fatty acids are in good 
agreemem with previously obtained figures (Browse et al , 
1986b 1989a; Norman and St John, 1986; Kunst et al.. 



double bond numbers. Data ire given in mole *. 

1988, 1989). In transgenic plants die propoition of 16:0 is 
increased in all lipid dasses to various extents. The increase 

is limited to die sn-l position whidi is contioUed by GPAT, 
and correlates widi the proportion of the particular bpid class 
synthesized via the p«)karyotic pathway within the plastid 
(Browse et al., 1986a). Accordingly, die individual Upids 
show different changes in fatty acid profUes which wiU be 
detailed in die foUowing widi emphasis on die diree major 
chloroplast lipids monogalactosyl diacylglyccrol (MGD). 
digalactosyl diacylglyccrol (DGD) and PG. 

For MGD of line no.6 only smaU differences from wild 
type plants are seen which agrees widi the weaker expression 

of die bacterial acyltransferase in diese plants. In line no.4 
a larger 16:0 increase was observed at m-l , whereas m sn-2 
C18 fatty acids were increased at die expense of C16 acids. 
This indicates an increase in eukaryotic MGD and may 
represent a compensatoiy effect. TTie additional 16:0 m jn-1 
of MGD is not desanirated despite die feet diat plants have 
diis capacity as shown for spinach (Roughan et al.. 1987; 
Heemskerk « a/.. 1991). As die increase in 16:0 is not 
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Table m. Positionai distribution of fany acids in the main plastidial lipid classes from 



Lipid 
PG 



wild type (WT) and transgenic plants (lines no. 4 and i 



MGD 



DGD 



5/1-/ 



sn-2 



sn-l 



sn-2 



sn-J 



$n-2 



Plant 


16:0 


16:1' 


lO.Z 


WT 


25 


A 
w 


U 


no. 4 


61 


n 
\j 


u 


no.6 


54 


0 


n 
U 


WT 


55 


17 


0 


no.4 


55 


32 


n 
u 


no.6 


56 


35 


u 


WT 


3 


0 


1 

1 


no.4 


11 


1 




no.6 


7 


1 




WT 


2 


"» 
J 


2 


no.4 


3 


1 


2 


no.6 


2 


1 


i 


WT 


15 


0 


J 


no.4 


37 


0 


2 


no.6 


43 


0 


2 


WT 


17 


0 


I 


no.4 


19 


0 


2 


no.6 


24 


0 


2 



■16:1 in PG is tratis-l6:\. 

For abbreviations see Table I. Data m given as mole %, 

balanced by increased desaturation of other fatty acids in 
prokaryotic MGD, this more saturated component may be 
subjected to an increased turnover resulting in its replacement 
by highly unsaturated eukaiyotic MGD. A similar switching 
to eukaryotic MGD has been observed in Arabidopsb 
mutants which could neither synthesize nor desaturate this 
Fokaryotic chloroplast Iqrid (Browse et al., 1986a,b, 1989a- 
Kunst et al., 1988, 1989). But compared with DGD and PG 
(see below), this increase of 16:0 in MGD is low. This could 
indicate that the desaturation level of this lipid is kept within 
narrow limits, whereas in PG and DGD higher levels of 16 0 
can be tolerated. 

In DGD of both transgenic lines the proportion of 16 0 
m snA IS strikingly increased and higher than the proportion 
of the prokaiyotic species which are characterized by C16 
fetty acids at C2. This can be explained by the feet that 
eukaryotic DGD species always contain significant 
proportions of 16:0 in sn-l, and nearly aU 16:0 found in 
the j/i-1 position of wild type DGD has to be attributed to 
eukaiyodc species. By substracting this value from that found 
in transgemc DGD it appears that a high proportion of the 
prokaryotic DGD is esterified with 16:0 in in-l as a 
ronsequence of the action of the bacterial acyltransferase 
Future studies have to show whether 16:0/16:0 species of 
DGD do m feet accumulate in the transgenic plants, which 
could also contribute to chilling sensitivity. From studies with 
spinach chloroplasts it can be inferred that this completely 
saturated species represents a major prt>portion of the 
protoryotic DGD formed by isolated organelles (Heemskerk 
et<U., 1991). Similar considerations may apply to 
sulfoquinovosyl diacylglycerol (SQD) which also shows a 
nse m 16:0. 

The most pronounced increase of 16:0 was found in PG 
which IS of particular interest for several reasons. First PG 
from chloroplasts is the only lipid class of this organeUe 
which IS exclusively synthesized de novo within plastids and 
acrordmgly has a purely prokaryotic diacylglycerol moiety. 
Therefore, its fatty acid composition will monitor changes 
Of the biosynthetic activity within these organelles. 
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16:3 

0 

0 

0 

1 

I 

1 

2 

3 

3 
58 
36 
53 

1 

1 
1 
5 
5 
3 



% 
70 



60 
50 
40- 
30- 
20 

10H 



0 



20 



30- 



40- 



50 



60' 
% 



180 

5 
6 
7 
I 

2 
2 
1 

1 

0 
0 
0 
4 
5 
5 
2 
2 
1 



18:1 

16 

5 

6 

1 

1 

I 

2 

I 

1 

1 
0 
0 
3 
2 
2 
2 
1 
1 



18:2 


18:3 


15 


38 


7 


21 


8 


25 


2 


4 


3 


6 


2 


5 


3 


88 


2 


79 


2 


84 


2 


32 


3 


56 


1 


40 


5 


70 


3 


50 


3 


44 


2 


71 


2 


69 


2 


67 



$n-1 



■rnlNh 



ItO l&lt 16:3 18:0 ftl 18:2 18:3 



sn-2 



F^. 3. Posawna^ diaribution of «M!y acids in PG from wild type and 
truwgewc Arabuhpsujhatiana (line no.4) pfants. Fany acid profiles 
(mole %) « given for ihe «-l and jii-2 positions of the glyonil 
backbone. Fany acids are characterized by csibon and double bond 
numbers^ 16:lt stani for 3wra«-lKxadecenoic acid which is confined 
to die C2 position of chloroplast PG. For each fatty acid the left bar 
represents ^ pn^onion from wild type and the right bar the 
proportion from transgenic plants. 

Fulthennore, in leaves roost of the PG is localized in plastids 
as IS evident from the low proportion of C18 fetty acids in 
the sn-2 position of leaf PG (Dome and Heinz. 1989- 
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Fig. 4w HPLX! diromatogram showing the composition of molecular 
species of PG from wild type and transgenic Arabidopsis plants (line 
no.4). individual components are identified by their constituent fotty 
acids with the fatty acid most likely in the xn- 1 position given above 
the Pi-2~bound acyl group. 

Tat^ m). Finally, the fatty acid con^sition of PG and in 
particular the prc^nion of non-fluid con^xments as outlined 
above have been pn^x>sed to be one of the factors limiting 
chilling tolerance. 

In PG the 16:0 content was raised from — 35% in wild 
type to over 50% in the two transgenic lines (Table II). The 
positional analysis reveals that this increase is confined to 
the in-1 position, where the proportion of 16:0 is more dian 
doubled. Because of their importance for chilling sensitivity 
the data of the positional distribution of fatty acids in PG 
are separately depicted in Figure 3 which in addition show 
convincingly that the engineering is limited to the snA 
position without any interference at C2. 

The &ct that the sn-2 position of PG is almost completely 
estoified by 16:0 and trans-\6:\ (see Table III) in 
combination with the increase of 16:0 in 5r-1 of PG in the 
transgenic lines suggest that a high proportion of hmt-PG 
witii two rigid fatty acids such as 16:0, 18:0 or transA6:\ 
combined in one lipid molecule should be present in these 
plants. In Figure 4 the resolution of the molecular species 
of PG from transgenic and wild type plants is shown. The 
two hmt species 16:0/rranj-16:l and 16:0/16:0 make up 
<5% of the PG species in the wild type plants, but are 
increased to >50% in the transformed line. 

From the data of our lipid analysis we conclude that in 
the transgenic plants the correctly translated PlsB with its 
preference for 16:0 displays enzymatic activity leading to 
an alteration of lipid composition. The fact that the increase 
is almost limited to plastidial lipids is evidence that most of 
the enzymatically active PlsB is located within the plastids 
as a consequence of the leader sequence-facilitated import. 
The activity of PlsB redirects availal)le fatty acids with regard 



to their positiooal location, and by this the total fetty acid 
composition is changed to some extent. By combining the 
data from TaUes I and n the overall content of 16:0 can 
be estimated and an increase of *-50% from 14 mole % 
in the wild type to 22 mole % in the transgenic lines is 
calculated. Thus, the bactoial enzyme ccxnpetes successfully 
not only with the native GPAT but also with the plastidial 
elongase and prevents pan of the 16:0 from being converted 
to C18 fatty acids and from being desanirated at C2 of MGD. 

Stress troBtrncnt 

The prc^rtioo of hmt-PG in the two transgenic lines exceeds 
that of many dulling sensitive plants. To test whether this 
alteration is sufficient to create chilling sensitivity, transgenic 
as well as wild type plants were incubated at 4*'C in the dart. 
Even after prolonged exposure no significant differraice 
between transgenic and wild type i^ants was visible. This 
changed drastically when plants kept for 7 days at 4''C were 
returned to 20*C. While wild type i^ants were apparently 
unaffected by diis treatment, the transgenic plants showed 
wilting in their okler leaves ^ch after 2 days became brown 
and necrotic as shown in Figure 5. Recent data show that 
incubation of the transgenic plants at low tonperature under 
illumination leads to even more severe synqTtoms, as plants 
dien started wiMng after 3 to 4 days and finaUy died (data 
not shown). 

The curved increase in chilling sensitivity might be a 
non-specific decrease in stress tolerance due to a reduced 
fimess of the transgenic plants. To test this, plants were 
subjected to a beat stress experiment. Transgenic as well as 
wild type plams withstand a 2 h treatment at 37^C without 
visible damage, but neither were able to survive the treatmeoc 
at 42*'C, as described for wild type Arabidopsis planes 
(Binelli and Mascarenhas, 1990). I>espite their limitatioo 
these results provide first evidence that the increased chilling 
sensitivity is not the consequence of a general and non- 
specific loss of stress tolerance, but may ^)ecifically be 
correlated with k>w tempra^ture performance in dependeooe 
of PG fluidity. 

Discussion 

We have isolated two independent transgenic Arabidt^sis 
lines which express a modified bacterial gene in 
enzymatically active form. The newly introduced enzymatic 
activity changes the fatty acid composition of membrane 
lipids, and those components are noost severely affected 
which are made inside ^e plastids. This inq^ies ti^ the new 
activity is targeted to the plastids and thus the N-terminal 
transit peptide of the rubisco small sulHmit gene is able to 
govern the import of this large PlsB protein c(»isisting of 
more than 800 amino acids, which in addition is highly 
hydrophobic and in its native cell a membrane-bound 
component. 

The transgenic lines show an increase of 16:0 in the sn-l 
position of nearly all lipids, but this rise is most prominent 
in those lipids which are synthesized inside the plastid. 
Whether the slight increase in 16:0 observed in extnq)lastidic 
phosf^iatidylcholine (PQ and phosphatidylethandamine (TC) 
is due to residual extr^lastidial activity or has to be ascribed 
to secondary effects such as export frcHn plastids (Browse 
et al,, 1989b) cannot be answered at present. Alternatively, 
those 16:0 mokcules which are released from CI of MGD 
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by enhanced turnover as discussed above may be exported 
from the plastids imo the endoplasmic reticulum and thus 
lead to a higher incorporation into the sn-l position of 
extraplastidic lipids. 

The high incorporation of 16:0 into sn-l of PG increased 
the hmt-PG species lo such an extent that according to the 
hypothesis of PG-dependent chUling sensitivity these 
transgemc plants ha« to be classified as potentially chilling 
sensitive. Our Arabidopsis plants with the altered lipid 
composiDon respond to a cold treatment by developing 
symptoms of leaf necrosis during recultivation at norm^ 
tem^rature. A retardation in the development of symptoms 
IS often observed in plants with natural chilling sensitivity 
(Salveit ajnd Morris. 1990), and this delayed response was 
considered as arguing against the hypothesis of PG-dependent 
chJling sensitivity, since phase transitions are rapid pixwesses 
and one would expea an immediate effect on the plant. But 
dje observation of the same delay in damage in our transgenic 
gants supports the vie* of a causal coirclation between hmt- 
ru and chilling sensitivity. 

On the odier hand, our transgenic plants have not only an 
altered lipid composition, but also a new foreign membrane 
protein m the plastids. One could argue that the mere 
presence of this protein might induce the chilling sensitivity 
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and the altered phenotype of cur plants. But the data from 
an uidependem experiment (Murata etal., 1992) support the 
conclusion that it is not just the protein, but the consequence 
of Its expressed activity which causes chilling sensitivity in 
the transgemc plants. In this study tobacco served as target 
plant and the acyltransferase from squash was used to 
increase 16:0 m PG. Its expression in transgenic plants led 
to similar changes in lipid compositions as observed in our 
snidies and in pirticular. the symptoms of cold treatment 
became visible during subsequent recultivation under warm 
conditions and preferentially in older leaves. In contrast to 
the E coU enzyme in our plants, the squash acyltransferase 
in tobacco js not membrane bound, but nevertheless the 
ITJ^Z^\ ^ enzymes result in similar symptoms in two 

^^^fS '^"S^y "S^s against a non- 

specific effect due to the presence of a foreign protein. 

In both studies the increased incorporation of 16:0 is not 
limited to PG, and as no compensatoiy increase in 
desaturauon « observed, the overall lipid saturation is 
mcrrased as weU. Therefore, it is not clear whedier it is this 
!?h^D?"!"'f ^ specifically increased proportion 
of hmt-PG which leads to chilling sensitivity. In this context 
recent experuneras on the performance of desaturase mutants 
from Arabidopsis at chilling temperature are of particular 
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relevance (Hughly and Sonierville, 1992). In these mutants 
the level of polyunsaturated fatty acids in piastidic lipids is 
strikingly reduced, whereas the saturated fdsry acids in PG 
are not affected (Browse et al.. 1989a; Kunsi et al., 1989) 
and the proportion of hmt-PG is unchanged. When mutant 
plants of similar developniental state as used in our 
experiments were exposed to chilling temperatures, they did 
not show symptoms of chilling sensitivity. This argues in 
favour of a specific role of hmt-PG in initialing chilling 
sensitivity. 

Apart from providing supporting evidence for the 
hypothesis of PG-mediated chilling sensitivity, our 
experiments have shown that it is possible to alter the 
composition of plant lipids by genetic engineering at specific 
points. This opens new access to physiological problems and 
h2& relevance for future activities in engineering other aspects 
of plant lipid metabolism. 

Materials and methods 

Materials 

Ptasmids: pCV701 (Koncz et a!.. 1987). pH80 (8.0 kb ffi/idlE fragmem 
cooiaining rbcS-1 cloned into pUC8) (Wolter et al,. 1988). pVLl (Lightncr 
et al,, 1983), pW1300 (700 bpPjrf fragntent containing rbcS^ in pUC8) 
(Wdier *f a/.. 1988), pGSCI704 (PCS, Ghent, Bdgium). 

Plant nraterial: transgenic as vtell as control plants (Arabidopsis thaliana. 
ecoiype Columbia-C24) were kept under permaneni light at 20**C. All 
tnzsgenic plants were genninated under selective conditions in order to 
ensure hygromycin resistance. 

Plasrmd construction 

For cloning and transformation of £ro/i\ standard techniques were used 
(Sanibrook et al., 1989). For constnicting pHAMPLS the pronwter and 
coding region for the transit peptide from rbcS-1 were isolated as a 2.5 
Idlobase pair (kb) HindH-Sphl fragment. The coding region of pisB was 
isolated as a 2.5 kb Bal-Stul fragmem from pVLl (U^tner et al., 1983). 
These fragments were connected by insertion of a short Sph-Ball fragnem 
of 9 bp length isolated from rbcS-c, a mbisco cDNA ckme (Wolter et al., 
1988). This short piece contained the processing site for the transit peptide. 
The Stul site in pVLl is located 87 nucleotides downstream from the stop 
codon of the plsB coding region and was fused to the 230 bp Sai-HindSU 
fragnwit from pCV701 (Koncz et a/„ 1987) containing the poiyadenylation 
site of the octopine synthase gene connected by the 15 bpSma~Sal\ linker 
from the pUC18 multiple cloning site. 

Raising antibodies against E.coS acyttransferase 

To isolate an enriched PbB protein fraction the £ct>Rl insert of pVLl was 
mnsferred into pUC8. The increase in copy number leads to overexpressioo 
of the pisB gene (not shown). PbB was partially purified following a 
pid>lished protocol (Green etai,, 1981). Escherichia coii celb harbouring 
the plasmid were grown overnight ai 37 under vigorous shaking in rich 
medium. All following steps were carried out at 0-4*C. After pelletting 
aod washing in buffer A (50 mM Tris-HCU 5 mM MgClj, 5 mM /3- 
mercaptoethanoi, pH 8.5) the cells were broken by ultrasonic treatment. 
Debris was removed by low speed centrifiigation and the supernatant 
sidrjected to ultracentrifiigation at 200 000 ^ for 60 min. The resulting pellet 
was resuspended in buffer B [25 mM Tris-HCl. 5 mM MgClj, 5 mM 
3-mercaptoethanoI, 20% (w/v) glycerol, pH 8.5) and after adjusting Triton 
X-l(K) to 0.5% (w/v) stirred for - 30 min. After centrifiigation at 200 000 
^ for 1 h the supernatant was collected and frozen at -70X. Preparative 
SDS gei electrophoresis, immunization of rabbits and preparation of 
antisefum were carried out as described elsewhere (1^'cber et al., 1991). 

RNA isolation and Northern bknting 

Total RNA was prepared by a modifrcaiion of the GTC procedure (Chirgwin 
et ai., 1979). For the detection of specific RNA molecules the DIG system 
(Boehringer, Mannheim) was used which needs labeUed RNA as probes. 
For labelling, the 1 .2 kb internal fragment fvomplsB (bp 1429 -2644 
in pVLl) was cloned into the Smal site of pBlucscripiSK - (pATEC1200) 
and after linearization 1 /ig DNA was used as template to transcribe a 
digoxigenin-labcUed RNA using T7 polymerase. 

About 15 ^ig of total RNA from transgenic and control plants were 
separated on a 2% agarose gel at 50 V for -4.5 h. EJectrophoresis was 



carried out according to standard conditiom wi6 minor modificatiata. The 
RNA was blotted on to a nylon membrane ad fixed by UV treaoncnt. 
Prehybridization, hybridization, washing and deoection of the fluorescence 
signal followed manufrcturcr's instructions with tome modifications (During, 
1991). 

Isolation of rrwnnbnne fractions and Western blotting 
About 500 mg of fresh leaf noterial was finozeo ii bquld nitrogen and ground 
in a mortar to a fme powder. All following siq» were carried out at 0 - 4 ** C . 
The powder was transferred to a small blender and after addition of 5 ml 
buffer A mixed in intervals for 12 s. After fixation through cheesecloth 
the nwmbranes were pelleted for 10 min « 3000 g. The pellet was 
resuspended in 500 ^1 buffer B. Relative sampie concentrations were based 
on chlorophyll content. AUquots of resuspended membranes equivalent to 
60 Mg chlorophyll were used to nteasure enzyiratic activity under standard 
conditions for 20 min at 24*C (Bertrams and Heinz, 1981). Proteins from 
membrane fr^ons were separated by standard SDS -PAGE (4.5% stacking 
gel, 10% separation gel: 30:0.8 acrylamide/faiacrylamide) for 1 b at 200 
V. The proteins were transferred to a nylon monbrane as described earlier 
(Weber et al,, 1991) with minor variations (1 mA/cm?; transfer buffers 
contained 0. 1 % SDS to achieve mobilization ai the large hydrophobic PbB 
polypeptide). For detection of the Piifi protein (he anti-/»i!i:flamibody(dShfl^ 
1:500) was employed in the non-radioactive DIG system (Boehringer, 
Mannheim) with some modifications (During. 1991). 

Analysis of lipids and fatty adds 

Before lipid extraction, the plant material was pbced into boiling water for 
some minutes. Separation of lipid classes t^- tfain layer chromatography 
(TLC), quantification of lipids by colorimetry and aiialysis of fatty acids 
as bromophenacyl esters have been described hefcre (Haschke et ai., 1990). 
For a positional analysis, leaf lipids extracted from 2-3 g fresh weight 
were sqxuated by TLC on two Kieselgel 60 pfaKs in chloroform/medianol/ 
acetic acid/water 91 :30:4:4 (v/v). The individuii compounds were recovered 
from the appropriate zone and subjected to eontnatic hydrolysis (Rhizopus 
lipase) followed by HPLC of fatty acids as p-bromophenacyl esters. Our 
analysis of wild type PG concurs with the previously determined pattern 
(Browse et ai., 1986a). For the analysis of inotecular species from PG, 
diacylglyoerol portions from PG (isolated from 2-3 g of fresh weight) were 
released enzymaucally (phospholipase C) and oooverted to dinitrobenzoyl 
derivatives (Takamura et ai., 1986) for subsequent reverse-phase HPLC 
with isocrauc elution (acctonitrile/isopropanot 96:2, v/v, 3 /im RP18 ODS 
hypersil column, 0.46 x 12.5 cm). IdenuficatiaB was carried out by using 
reference species and by collecting individual peaks followed by analysis 
of constiment fatty acids. 
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ABSTRACT Transgenic tobacco plants that express a chi- 
meric gene that encodes chloroplast-localized Cu/Zn super- 
oxide dismutase (SOD) from pea have been developed. To 
investigate whether increased expression of chloroplast- 
targeted SOD could alter the resistance of photosynthesis to 
environmental stress, these plants were subjected to chilling 
temperatures and moderate (500 ^mol of quanta per m^ per s) 
or high (1500 iimol of quanta per m^ per s) li^t mtensity. 
During exposure to moderate stress, transgenic SOD plants 
retauied rates of photosynthesis »20% higher than untrans- 
formed tobacco plants, implicating active oxygen species in the 
reduction of photosynthesis during chilling. Unlike untrans- 
fonned plants, transgenic SOD plants were capable of main- 
taining nearly 90% of their photosynthetic capacity (deter- 
mmed by their photosynthetic rates at 25^C) following exposure 
to chilling at high light mtensity for 4 hr. These plants also 
showed reduced levels of light-mediated cellular damage from 
the superoxide-generating herbicide methyl viologen. These 
results demonstrate that SOD is a critical component of the 
active-oxygen-scavenging system of plant chloroplasts and in- 
dicate that modification of SOD expression ui transgenic plants 
can improve plant stress tolerance. 

Oxygen is essential for the existence of aerobic life, but toxic 
oxygen species, which include the oxygen-centered super- 
oxide (Of), and hydroxyl (-OH), free radicals, as well as 
hydrogen peroxide (HiOz), are generated in all aerobic cells. 
Injury caused by these oxygen derivatives is known as 
oxidative stress (see refs. 1-3 for reviews). Superoxide 
dismutase (SOD; superoxide: superoxide oxidoreductase, EC 
1.15.1.1) constitutes the first line of cellular defense against 
oxidative stress. 

Oxidative stress is a major damaging factor in plants 
exposed to environmental stress, and there is strong evidence 
for the protective role of SOD in plants (see refs. 4 and 5 for 
reviews). Most plants contain a number of SOD isozymes 
that are located in various cellular compartments. In pea, 
Cu/Zn-containing SOD isoforms are found in chloroplasts 
and in the cytosol, whereas a Mn-containing enzyme is 
located in mitochondria (6). Tobacco has a more complex 
complement of SODs that includes at least five distinct 
isozymes (7, 8). Most notably, tobacco includes a distinct 
Fe-containing SOD in chloroplasts, as well as chloroplastic 
and cytosolic Cu/Zn SODs and mitochondrial Mn SOD. 

Superoxide radicals are produced continuously in plant 
chloroplasts as O2 is reduced to Ot by electrons from the 
photosystems (the Mehler reaction) (4, 5). SOD converts 01 
to H2O2 that is then scavenged in chloroplasts by a series of 
oxidation/reduction reactions, known as the Halliwell- 
Asada pathway, that use ascorbate, reduced glutathione, and 
NADPH as electron donors (4). 

The publication costs of this article were defrayed in part by page charge 
payment. This article must therefore be hereby marked advertisement*' 
in accordance with 18 U.S.C. §1734 solely to indicate this fact. 



The inhibition of photosynthesis that can occur when 
excess excitation energy reaches the reaction center is com- 
monly referred to as photoinhibition. High light intensity, 
especially at extreme temperatures or water deficit, can 
cause increased electron flow to O2, resulting in greater 
production of Oi and H2O2. Although oxygen radicals appear 
to be involved in photoinhibition (9-11), the role of SOD in 
limiting the oxidative damage associated with photoinhibition 
has not been directly demonstrated (12, 13). 

To investigate the possible protective functions of SOD in . 
plant chloroplasts, we have developed transgenic tobacco 
plants that overexpress chloroplast-localized Cu/Zn SOD. 
These plants were analyzed for photosynthetic rate when 
exposed to light and temperature conditions that inhibit 
photosynthesis and for their ability to recover photosynthetic 
capacity after stress. Our results indicate that these trans- 
genic plants have improved photosynthetic function at chill- 
ing temperatures and moderate light intensity, and they 
recover more effectively from severe stress than control 
plants. These changes correlate with increased resistance to 
oxidative damage caused by the herbicide methyl viologen 
(MV). 

MATERIALS AND METHODS 

Plant Transformation. Chimeric gene constructs were de- 
veloped to overexpress chloroplastic SOD subunit in plant 
cells (Fig. 1). Chloroplastic Cu/Zn SOD cDNA from pea (14, 
15) was amplified by polymerase chain reaction using muta- 
genic primers that introduced an Nco I site at the translation 
start codon (ACAIQG to CCAIQG) and an Xba I site within 
the 3' untranslated sequence. After digestion with Nco I and 
Xba I, this fragment was ligated into the Nco I and Xba I sites 
of the expression vector pRTL2 (a gift from J. R. Carrington, 
Department of Biology, Texas A&M University). This vector 
includes a cauliflower mosaic virus (CaMV) 35S promoter 
with a duplicated enhancer and a CaMV 35S terminator 
sequence. The cDNA insert was fused at the translation 
initiation codon within the 5' untranslated sequence of the 
tobacco etch virus (TEV) that provides highly efficient trans- 
lational initiation. The completed chimeric gene cassette was 
excised with Hindlll and ligated into the HindlU site of the 
binary shuttle vector pBIN 19 (16) and mobilized to Agro- 
bacterium tumefaciens strain LEA 4404 by triparental mat- 
ing. Transformation of tobacco leaf disks was performed 
according to Horsch et aL (17), and >20 putative transgenic 
plants were regenerated. 

SOD Isozyme Analyses. Transgenic plants that expressed 
pea chloroplastic Cu/Zn SOD were identified by analysis of 
SOD isozymes in leaves, using a method described by 
Beauchamp and Fridovich (18) as modified by Bowler et al. 
(8). Leaf extracts from transgenic tobacco plants, untrans- 

Abbreviations: SOD» superoxide dismutase; MV, methyl viologen. 
§To whom reprint requests should be addressed. 
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Fig. 1. Chimeric gene construct developed to overexpress pea chloroplastic SOD subunit in plant cells. This gene cassette was inserted into 
the binary plant transformation vector pBIN 19 and introduced into plant cells by Agrobacterium-ba.scd transformation. See text for further 
description. 



formed tobacco plants (Xanthi), and pea plants were elec- 
trophoresed in nondenaturing polyacrylamide gels and neg- 
atively stained for SOD activity. Intensities of pea Cu/Zn 
SOD bands and native tobacco SOD bands on activity gels 
were estimated with a Molecular Dynamics scanning laser 
densitometer system (provided by the Texas Tech University 
Biotechnology Institute). Analysis of SOD isozymes ex- 
tracted from crude chloroplast preparations of leaves of 
transgenic tobacco plants was also performed to determine 
whether the transgene product was correctly targeted to 
tobacco chloroplasts. Briefly, 1 g of leaf tissue was ground 
gently in 10-m! aliquots of 20 mM Hepes, pH 7/0.4 M 
sorbitol/2 mM MgCi2 and the slurry was filtered through a 
20-^tm mesh to remove unbroken cells. Chloroplasts were 
pelleted by centrifugation at 200 x g and washed in the same 
buffer. Extracts were analyzed by SOD activity gel as 
described above. Two independently transformed plants that 
expressed the introduced gene at highest levels were self- 
pollinated, and the offspring of these plants (hereafter re- 
ferred to as transgenic SOD plants) were grown in a green- 
house and used for our analyses. 

Analysis of Photoinhibition. Net photosynthetic rates were 
measured for transgenic SOD plants and untransformed 
plants (Xanthi) by measuring O2 evolution from lO-cm^ leaf 
disks with a gas-phase, O2 electrode system (Hansatech 
Instruments, Pentney, King's Lynn, U.K.) under saturating 
CO2. Leaf disks, were subjected independently to either 
moderate or severe stress regimes. Control leaf disks of each 
genotype were maintained at 25'*C and the light intensity of 
the stress treatments for the duration of the experiments. To 
ensure that measurement of O2 evolution accurately repre- 
sented photosynthesis, rates of ^^C02 fixation were also 
determined. Since both measurements correlated closely in 
all cases, only the O2 evolution data are presented. 

Moderate stress treatment. Leaf disks from transgenic 
SOD plants and Xanthi plants were equilibrated at 500 ^mol 
of quanta per m^ per s and 25°C for 1 hr, after which 
photosynthetic rates were determined at 470 /imol of quanta 
per m^ per s and 25°C. Disks were.then chilled to 10°C at 500 
fimol of quanta per m^ per s oh a cooling block. Leaf disks 
were removed at designated intervals and photosynthetic 
rates were measured at 470 /tmol of quanta per m^ per s and 
lOT. 

Severe stress treatment. Leaf disks were equilibrated at 
1500 fimo\ of quanta per m^ per s and 25**C for 1 hr. 
Photosynthetic rates were determined at 975 ^tmol of quanta 
per m^ per s £md 25'*C. The disks were then rapidly cooled to 
3°C at 1500 /imol of quanta per m^ per s and kept under these 
conditions for 4 hr. After this treatment, photosynthetic rates 
measured at 975 fxmol of quanta per m^ per s and S^C were 
<1 ^mol of O2 per m^ per s for all leaf disks. Leaf disks were 
then quickly warmed to 25°C, and O2 evolution was moni- 
tored at 975 ^Lmol of quanta per m^ per s continuously until 
steady-state photosynthetic rates were reached (within 30 
min for both transgenic SOD and Xanthi leaf disks). 

MV Treatment. MV damage was analyzed as described by 
Bowler et al. (8) with modifications. Leaf disks (1.5 cm^) 
collected from transgenic SOD plants and untransformed 
Xanthi plants were transferred to 3.5-cm Petri dishes con- 
taining 3 ml of MV solutions at various concentrations. 
Samples were vacuum infiltrated for 5 min and incubated at 
2FC for 16 hr in darkness. Leaf disks were then illuminated 



(500 /imol of quanta per m^ per s) for 2 hr, then incubated in 
darkness at 30°C for an additional 16 hr. 

Cell leakage analysis. The conductivity of the decanted 
MV solution was measured with an Orion model 120 con- 
ductivity meter. The MV solutions were recovered from the 
conductivity meter cell and autociaved, with the damaged 
leaf disks, for 15 min to release all solutes. The conductivity 
of the MV solution was again determined and the percentage 
of electrolyte leakage attributable to MV treatment was 
determined by dividing the conductivity value of the test 
sample by the conductivity of the sample after autoclaving 
(100% electrolyte leakage). 

Pheophytin measurements. Pheophytin is a breakdown 
product of chlorophyll that results from the loss of the Mg 
moiety. After MV treatment, pigments were extracted from 
leaf disks in 80% acetone and the percentage of chlorophyll 
converted to pheophytin was determined by an increase in 
absorbance at 553 nm relative to absorbance at 665 nm (8, 19). 

RESULTS 

Analysis of SOD isoforms from leaves of two transgenic SOD 
plants that accumulated significant amounts of pea chloro- 
plastic Cu/Zn SOD is shown in Fig, 2. Densitometric analysis 
of SOD activity gels indicated that transgenic SOD plants 
accumulated the pea SOD isoform to levels =«2-fold higher 
than that of endogenous chloroplastic Fe SOD or Cu/Zn 
SODs in untransformed tobacco plants. Notably, native 
Cu/Zn SOD isoforms were not detectable in any transgenic 
SOD plants that expressed detectable amounts of pea chlo- 
roplastic Cu/Zn SOD, indicating that expression of the 
introduced Cu/Zn SOD gene somehow interfered with the 
activity of native tobacco Cu/Zn SOD isoforms. Pea Cu/Zn 
SOD was detected in chloroplasts isolated froni transgenic 
plants (Fig. 2), indicating that this enzyme was incorporated 
into tobacco chloroplasts. 



MnSOD 



FeSOD 
Cu/ZnSOD 
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Fig. 2. Samples (25 ^g) of total protein from leaf extracts from 
Cu/Zn SOD transgenic tobacco plants, untransformed tobacco 
plants (Xanthi), and pea plants were electrophoresed in nondena- 
turing polyacrylamide SOD activity gels. Native tobacco isoforms 
are indicated at left. Mn SOD is located in mitochondria. Fe SOD is 
found in chloroplasts, as is the high-mobility Cu/Zn SOD isoform 
(bottom band). The other (slower) Cu/Zn SOD isoform is found in 
the cytosol. Pea isoforms include (from top to bottom) mitochondrial 
Mn SOD, cytosolic Cu/Zn SOD I. and chloroplastic Cu/Zn SOD II. 
Note that the native tobacco chloroplastic Cu/Zn SOD isoform was 
not detectable in the extracts of transgenic leaves. Chloroplasts 
isolated from transgenic SOD plants (Chloro.) contain bands that 
correlate with native Fe SOD and pea Cu/Zn SOD II. 
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Photosynthetic rates determined by O2 evolution from leaf 
disks of Xanthi plants and transgenic SOD plants before 
photoinhibitory treatments were virtually identical, averag- 
ing 35 fimol of O2 per m^ per s (Fig. 3). When leaf disks of 
Xanthi plants were exposed to moderate stress (lOX, 500 
/imol of quanta per m^ per s). their photosynthetic rates 
decreased by «95% to a mean of 1.75 /u-moi of O2 per m^ per 
s. However, under identical conditions, photosynthetic rates 
of transgenic SOD leaf disks were reduced by only 75%, to 
a mean of 8.75 /imol of O2 per m^ per s. Although reduced 
photosynthesis was observed in leaf disks of both genotypes 
during moderate stress conditions, leaf disks of transgenic 
SOD plants exhibited higher photosynthetic capacity than 
Xanthi leaf disks. It should be noted that net photosynthetic 
rates of both Xanthi and transgenic SOD leaf disks rapidly 
recovered after moderate stress exposure when they were 
warmed to 25^0 and maintained at 50 /imol of quanta per m^ 
per s for 30 min (Fig. 3). This indicates that, under these 
moderate stress conditions, little if any long-term oxidative 
damage had occurred in leaf disks of either genotype. 

Since complete recovery of photosynthesis was observed 
in leaf disks of both Xanthi and transgenic SOD plants after 
moderate stress, increased stress levels were necessary to 
determine whether differences existed in their capacity to 
cope with and to recover from niore severe stress. After 
exposure to 1500 fimol of quanta per m^ per s and 3°C for 4 
hr, photosynthetic rates for both Xanthi and transgenic SOD 
leaf disks were <1 fitnol of O2 per m^ per s. When warmed 
to 25°C and measured at 975 /xmol of quanta per m^ per s, 
photosynthesis in leaf disks from Xanthi plants recovered, 
within 30 min, to a mean steady-state rate of 12 /xmol of O2 
per m^ per s (Fig. 4). Thus, after severe stress, the photo- 
synthetic capacity of Xanthi leaf disks was only 36% of that 
measured before stress treatment, indicating that substantial 
oxidative damage that could not be rapidly reversed had 
occurred. Under the same conditions, photosynthetic rates of 
leaf disks from transgenic SOD plants recovered to a mean 
steady-state rate of 31 /xmol of O2 per m^ per s. Hence, 
transgenic SOD leaf disks retained photosynthetic capacity 
after severe stress that was nearly 90% of that before stress 
exposure, indicating that little oxidative damage had oc- 
curred. Although leaf disks of both Xanthi and transgenic 
SOD plants exhibited complete inhibition of photosynthesis 
during exposure to severe stress conditions, most of this 
inhibition was rapidly reversed in transgenic SOD leaf disks. 




0 1 2 

Houis at 500 jimol quanta m'^ s"^ lO'^C 

Fig. 3. Net photosynthetic rates were measured for transgenic 
SOD plants (o) and untransformed Xanthi plants (□) during moderate 
photoinhibitory stress (500 /imol of quanta per m^ per s and 10*'C). 
After stress treatment, leaf disks were allowed to recover for 30 min 
at 25°C and 50 /Ltmol of quanta per m^ per s. Photosynthetic rates for 
control leaf disks of each genotype maintained at 25X and 500 fimo] 
of quanta per per s did not change for the duration of the 
experiment. Values are means ± SD (/i = 10-12 plants of each 
genotype). ***, P = 0.001. 




0 10 20 30 

Recovery (Minutes at 25°0 

Fig. 4. Net photosynthetic rates were measured for transgenic 
SOD plants (O) and untransformed Xanthi plants (□) at IS^C after 
exposure to severe photoinhibitory stress (1500 fimoX of quanta per 
m^ per s, S'C for 4 hr). Photosynthetic rates for control leaf disks of 
each genotype maintained at 25'*C and 1500 ^mo\ of quanta per m^ 
per s did not change for the duration of the experiment. Values are 
means ± SD (n = 10-12 plants of each genotype). *♦*, P = 0.001. 

indicating that they had suffered substantially less damage 
than Xanthi leaf disks. These results demonstrate that sig- 
nificant reduction in the levels of photoinhibitory stress can 
be achieved in leaves of transgenic tobacco plants that 
overexpress pea chloroplast Cu/Zn SOD. 

To directly correlate the enhanced photosynthetic perfor- 
mance of transgenic SOD leaves under chilling and high light 
intensity with increased resistance to oxidative stress, leaf 
disks from transgenic SOD and Xanthi plants were treated 
with MV, a contact herbicide that causes massive, light- 
mediated accumulation of OJ in photosynthetic tissues (20) 
(Fig. 5). The extent of cellular damage was quantified by 
solute leakage, which is a measure of membrane disruption 
(8). Leaf disks of Xanthi plants showed a dose-dependent 
increase in membrane damage, reaching nearly complete 
disruption {^90% of maximum solute leakage) at 2.4 /iM MV. 
Tissues of transgenic SOD plants showed significantly less 
damage at 0.6 and 1.2 fiM MV than Xanthi tissues. However, 
at 2.4 fiU MV the extent of damage in transgenic leaf disks 
was not significantly different from that of control samples. 
These observations were extended by analysis of pheophytin 
production in MV-treated leaf disks as a measure of chloro- 
phyll damage (Fig. 6). Chlorophyll damage in transgenic SOD 
leaf disks at 1.2 fiM MV was reduced by an average of 40% 
compared with Xanthi leaf disks, but at 2.4 /iM MV. much 
less difference was seen. These results confirm that trans- 
genic SOD plants exhibit increased resistance to MV- 
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Fig. 5. Analysis of cellular damage in MV-treated leaf disks of 
transgenic SOD and untransformed Xanthi plants by measurement of 
percent solute leakage in treated tissues compared with autoclaved 
tissues. Values are means ± SD (/i = 9 plants of each genotype). ***, 
P = 0.001. 
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Fig. 6. Analysis of oxidative damage in MV-lreated leaf disks 
from transgenic SOD plants and Xanthi plants by measurement of the 
conversion of chlorophyll to pheophytin. Values are means ± SD {n 
= 5 plants of each genotype). P = 0.001; P = 0.05. 

mediated oxidative damage, although significant differences 
in MV tolerance between transgenic SOD plants and Xanthi 
plants could be detected only over a relatively narrow range 
of MV concentrations. 

DISCUSSION 

The results presented clearly indicate that overexpression of 
pea chloroplast Cu/Zn SOD in tobacco leaves can improve 
their photosynthetic performance under moderate stress and 
maintain photosynthetic capacity after severe oxidative 
stress. We interpret these results to indicate that, under 
stressful conditions, transgenic SOD tissues have lower 
levels of Oi than control tissues, leading to higher net rates 
of photosynthesis and reduced oxidative damage. Since it is 
unlikely that pea Cu/Zn SOD is inherently superior to 
tobacco chloroplast SOD isoforms, we believe that the dif- 
ference in stress tolerance in transgenic SOD plants is 
directly related to increased levels of active SOD in their 
chloroplasts. These results do not necessarily indicate that 
Oi causes chloroplast damage directly. Rather, rapid dismu- 
tation of Of in transgenic SOD plants could prevent its 
reaction with H2O2 to form highly reactive -OH (8, 21). 
Increased levels of SOD and other oxidative stress response 
enzymes have been correlated with reduced photoinhibition 
in MV-resistant varieties of Conyza bonariensis (9) and the 
addition of exogenous SOD or catalase to thylakoids has also 
been shown to reduce photoinhibition (22). Our results show 
that direct manipulation of SOD gene expression alone can 
effect tolerance to photoinhibitory stress. 

Since OJ can dismutate without catalysis at a relatively 
high rate, one might question the need for increased SOD in 
plants. Spontaneous dismutation is highly pH-dependent, 
since it depends on protonation of OJ to H02' with a pKa of 
4.8 (23). Thus, under the alkaline conditions of the stroma of 
illuminated chloroplasts, it is likely that the rate of uncata- 
lyzed dismutation of Of is at least 4 orders of magnitude 
lower than the Vmax of Cu/Zn SOD («2 x lO^ M-i-s'i) (24) 
and is of little biological significance. 

The higher photosynthetic rates for leaf disks from trans- 
genic SOD plants compared with those for Xanthi plants 
under moderate low temperature stress (Fig. 3) are interest- 
ing, since both, genotypes should differ only in their capacity 
to scavenge toxic oxygen species. Other genetically con- 
trolled factors that could cause differences in photosynthetic 
performance at low temperature are presumably the same in 
both genotypes. Therefore, the results presented here impli- 
cate the direct involvement of oxidative stress in the rapidly 



reversible reduction of photosynthesis at low temperature in 
tobacco. 

Transgenic SOD plants also exhibited increased resistance 
to oxidative damage caused by exposure to low concentra- 
tions of MV, but at higher concentrations, this protective 
effect disappeared. Tepperman and Dunsmuir (25) were 
unable to detect any significant differences in resistance to 
M V between tobacco plants that expressed high levels (30- to 
50-fold above normal SOD levels) of petunia chloroplast 
Cu/Zn SOD and control plants. Although the discrepancies 
between our results and those of this previous study can be 
largely explained by differences in assay methods, it is also 
possible that moderate increases in Cu/Zn SOD activity (as 
in our plants) can provide more effective protection from MV 
damage than very high SOD levels. In fact, Elroy-Stein et al. 
(26) have reported that moderate increases of Cu/Zn SOD 
provide MV resistance in human and mouse cells but large 
increases do not. Since Cu/Zn SODs are sensitive to end- 
product (H2O2) inhibition, it is possible that, when cells that 
express high levels of Cu/Zn SOD are treated with MV, they 
produce a burst of H2O2 that simply deactivates the enzyme. 

The breakdown in stress resistance seen in our transgenic 
plants at 2.4 fxM MV could indicate that the introduced 
Cu/Zn SOD is deactivated under these conditions. Bowler et 
al (8) have reported significant protection from MV-induced 
oxidative damage in transgenic tobacco plants that overex- 
pressed H202-insensitive, chloroplast-localized Mn SOD. 
Preliminary analysis in our laboratory indicates that tobacco 
plants that contain an analogous Mn SOD construct are 
substantially more resistant to high concentrations of MV 
than the transgenic Cu/Zn SOD plants described here 
(A.S.G., A.S.H., and R.D.A., unpublished results). 

Further analyses of transgenic plants that overexpress 
chloroplast SODs will undoubtedly yield fundamental infor- 
mation about the effects of oxidative stress on chloroplasts, 
cells, and whole plants. Additional modifications of other 
components of the active-oxygen-scavenging system of 
plants will help to elucidate the interactions between these 
protective mechanisms. We remain hopeful that investiga- 
tions of this type will eventually provide significant improve- 
ments in the tolerance of cultivated plants to environmental 
stress. 
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Introduction 

Kosower and Kosower (1978) defined the glutathione 
status of cells as the total cellular concentration of glu- 
tathione and the relative distribution between its major 
forms: GSH, GSSG, and mixed disulfides such as GSS- 
protein. The idea that in most organisms GSH plays an 
essential metabolic role as a reductant is suggested by 
the relatively high concentration of glutathione (0.5 to 
10 mAf ) in cells, the high ratio of GSH to GSSG (be- 
tween 30 and 100 in animals), and the presence of GR 
(Rennenberg 1982, Ziegler 1985). The best example of 
a role for GSH and GR, under normal conditions, is 
their involvement in the HzOs-scavenging pathway in 
chloroplasts (Foyer and Halliwell 1976). By contrast, in 
animals and microorganisms, a clear function of glu- 
tathione is best demonstrated when they are exposed to 
drugs, pesticides or peroxide-generating chemicals (Zie- 
gler 1985). 



Abbreviations - DMA, dehydroascorbate; DTNB, 5,5'-dithio- 
bis(2-nitrobenzoic acid); GSH, reduced glutathione; GSSG, 
oxidized ^utathione; GR, glutathione reductase; TNB, 
2-nitro-5-thiobenzoic acid. 



In vitro characterization of glutathione reductase (EC 
1.6.4.2) 

Assay 

The standard assay for GR is to follow spectrophoto- 
metrically the decrease in absorbance at 340 nm as 
NADPH is oxidized (Tietz 1969, Carlberg and Manner- 
vick 1985). This assay is rapid, sensitive and accurate, 
and suitable for characterizing the purified enzyme. 
However, it is less reliable for assaying activity in plant 
tissue hombgenates, because of the presence of other 
NADPH oxidizing enzymes and high background ab- 
sorbance at 340 nm. 

These latter considerations led us to develop a more 
specific assay based on the increase in absorbance at 412 
nm when 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB) is 
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Tab. 1. Selected characteristics of plant glutathione reductases. 



Plant 
source 



Purification 
fold 



Molecular, 
native 



Weight 
subunit 













NADPH 


Com (Chloroplast) 


200 


ion 


<CC £0 IjI 

o5, 63, 34, 32 


14 


1.7 


Pea (Chloroplast) 


619 




60, 32 


62 


3 


Pea (Chloroplast) 


1600 


156 


41, 42 


11 


1 1 


Pea (Chloroplast) 


1000 


135 




28 


2.7 


Pea root 


2400 


135 




10 


2.3 


Spinach (non-hardened) 
Spinach (hardened) 


Assayed at 25''C 
Assayed at 5X 

Assayed at 25*'C 
Assayed at 5°C 






38 
24 

52 
5 


, 8 
8 

6 
2 



Literature 
source 



Mahan and 
Burke, 1987 

Connell and 
Mullet, 1986 

Kah-Torres 
et al., 1984 

Bielawski and 
ioy, 1986b . 



Guy and 
Carter, 1984 



reduced by GSH to produce 2-nitro-5-thiobenzoic acid 
(TNB) (Tietz 1969, Smith et al. 1988), according to the 
following equations: 

GSSG + NADPH + 2GSH + NADP^ (1) 

GSH + DTNB > GS-TNB + TNB (2) 



GSH + GS-TNB 



GS-TNB + NADPH + H+ 



GSSG + TNB 
GR 



(3) 



GSH + TNB + 
NADP+ (4) 

Although reactions (1) and (2) are critical to the assay, 
GS-TNB is an excellent substrate for GR, indicating the 
importance of reaction (4) (Eyer and Podharadsky 
1986). This assay should not be used for kinetic charac- 
terization of the enzyme, because of the separate contri- 
butions of GSSG and GS-TNB, which have different 
to the overall rate of TNB production. However, 
when assaying GR in unpurified homogenates of plant 
tissue, DTNB has several advantages. Firstly, the ab- 
sorbance of plant extracts is lower at 412 nm than it is at 
340 nm, and the absorbance increase at 412 nm, in 
response to a fixed amount of enzyme, is from 3- to 
4-fold greater than the absorbance decrease at 340 nm; 
secondly, the assay is not significantly influenced by a 
variety of compounds commonly included in extraction 
media; and finally, the assay is specific for GR and is 
jess influenced by the presence of other NADPH ox- 
idizing enzymes than is the traditional assay. 

Before leaving the subject of GR assays and quantita- 
tion of glutathione using yeast GR, we should caution 
that the tripeptide specificity of GR has not been exam- 
ined. It is assumed that the GR from yeast utilizes 
glutathione and homoglutathione equally well, and that 
glutathione is a suitable substrate for assaying the GR 
from homoglutathione-containing species. These as- 

450 



sumptions should be tested, because it is known that the 
presence of homoglutathione, glutathione or a combi- 
nation of these tripeptides in particular species is due to 
differences in the specificities of the "glutathione syn- 
thetases" (Macnicol 1987). 



Punfication and properties 

Glutathione reductases have been extensively purified 
from com, pea, and spinach (Tab. 1). Purification is 
facilitated by the compartmentation of a significant 
amount of the leaf activity in the chloroplast, and affin- 
ity chromatography using 2',5'-ADP Sepharose. The 
native molecular weight ranges from 135 to 190 kDa, 
depending on the source, and the enzyme is a hetero- 
tetramer composed of subunits of approximately 60 and 
32 kDa. Reports of a lower molecular weight (Kalt- 
Torres et aL 1984) are thought to result from partial 
proteolytic digestion of the native enzyme (Connell and 
Mullet 1986). The smaller subunit lacks catalytic activ- 
ity, but its function, particulariy its role in regulating 
catalytic activity is unknown (Connell and Mullet 1986). 

NADPH is the preferred reductant for plant GR, a 
property shared with enzymes from animal and micro- 
bial sources. The for GSSG and NADPH are in the 
ranges 10-60 and 2-10 fiM, respectively. The physiolog- 
ical significance of these numbers is that they are more 
than an order of magnitude lower than the concentra- 
tion.of these compounds in the chloroplast. Specifically 
the total concentration of glutathione in chloroplasts is 
between 1 and 4 mM, 10% of which is GSSG (Bielawski 
and Joy 1986a); this is probably an underestimate be- 
cause chloroplasts prepared by aqueous procedures 
contain a lower fraction of the total leaf glutathione 
than do chloroplasts prepared by non-aqueous methods 
(Smith et al. 1985, Klapheck et al. 1987). The concen- 
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tration of NADPH is more than 0.1 mM, although a 
relatively small fraction of this amount may be available 
for GSSG reduction. 

Chloroplasts have been the source of enzyme in most 
plant studies. However, Bielawski and Joy (1986b) 
demonstrated the presence in pea roots of an isozyme 
that differed from the chloroplastic GR: the root en- 
zyme had a higher affinity for GSSG and NADPH, was 
more sensitive to inhibition by Zn^^, Cu^* and Fe^^ 
ions, and slightly more resistant to heat inactivation. 
Similarly, multiple forms of GR occurred in spinach. 
When plants were grown at 5°C (hardened), two iso- 
zymes appeared that were not present in non-hardened 
plants, and the relative abundance of isozymes common 
to both kinds of plants changed (Guy and Carter 1984). 
The physiological significance of these changes is sug- 
gested by the increased affinity of the total pool of GR 
for GSSG and NADPH, when assayed at low temper- 
ature (Tab. 1). 

GR undergoes a redox interconversion when incu- 
bated with substrates. Incubation of the enzyme with 
GSSG produces an oxidized form of the enzyme, which 
is more stable than the reduced form and not inhibited 
by N-ethylmaleimide or divalent metal ions, such as 
Zn2^ Cu^^ and Fe^^ (Halliwell and Foyer 1978, Kalt- 
Torres et al. 1984, Bielawski and Joy 1986b, Mahan and 
Burke 1987). Reduction of the enzyme with NADPH 
causes irreversible inactivation (Kalt-Torres et al. 1984, 
Bielawski and Joy 1986b), this contrasts with the yeast 
enzyme, which can be reactivated (Pinto et al. 1985). 

The detailed characterization of GR from pea and 
spinach chloroplasts leaves several critical questions un- 
answered, including: What is the tripeptide specificity 
of the enzymes from glutathione and homoglutathione- 
containing species? How do extrachloroplastic and chlo- 
roplastic enzymes differ? Which isozymes are most im- 
portant in plant responses to environmental stress? 

Role of glutathione reductase In HjOj detoxification 

The participation of GSH and GR in the H2O2 scav- 
enging pathway in chloroplasts is the best documented 
role of glutathione in plants. H2O2 is generated when 
O, is photoreduced by the primary electron acceptor 
of photosystem I (Robinson and Gibbs 1982). In 1976, 
Foyer and Halliwell proposed the following pathway 
of H2O2 photoreduction, frequently termed photo- 
scavenging: 



NADPH 



NADP 




Glutathione reductase 



OHA reductase 
GSH dehydrogenase 



Ascorbate peroxidase 



The three enzymes, glutathione reductase, dehydroas- 
corbate reductase (glutathione dehydrogenase) and as- 
corbate peroxidase, catalyze reactions that maintain 
large pools of GSH and ascorbate in the chloroplast and 
channel reducing equivalents from NADPH to H2O2. 

Several lines of evidence support the operation of this 
pathway. First, intact chloroplasts photoreduce H2O2 at 
rapid rates with the concomitant evolution of O2 (Na- 
kano and Asada 1981, Jablonski and Anderson 1982, 
Anderson et al. 1983a). This ability is partially or totally 
lost when they are preincubated with H2O2 in the dark, 
because of the loss of ascorbate and the concomitant 
inactivation of ascorbate peroxidase (Anderson et al. 
1983b, Asada and Badger 1984, Hossain and Asada 
1984a, Nakano and Asada 1987). Secondly, ruptured 
cholorplasts have very low photoscavenging activity, 
but recover the ability to photoreduce H2O2 when both 
GSH and DHA are added (Nakano and Asada 1981, 
Jablonski and Anderson 1982). The partial reactions of 
the system have also been demonstrated, for instance, 
reconstituted chloroplast systems support GSSG-de- 
pendent O2 evolution when NADPH is provided, but 
intact chloroplasts do not, because the chloroplast 
membrane is impermeable to GSSG (Jablonski and An- 
derson 1978, Nakano and Asada 1981, Anderson et al. 
1983b). Third, al! of the necessary enzymes have been 
isolated, purified and shown to occur in chloroplasts 
(Foyer and Halliwell 1977, Nakano and Asada 1981, 
Jablonski and Anderson 1982, Anderson et al. 1983b, 
Hossain and Asada 1984b, Bielawski and Joy 1986a, 
Gillham and Dodge 1986, Nakano and Asada 1987). 
Jablonski and Anderson (1981) concluded that GR is 
the rate limiting enzyme in the H2O2 scavenging path- 
way. 

The physiological importance of the HjOj scavenging 
system is suggested by two recent studies. In field- 
grown spruce {Picea abies L.), there is a two-fold di- 
urnal change in the concentration of glutathione, that is 
correlated with light intensity (Schupp and Rennenberg 
1988). Although glutathione concentration in pea chlo- 
roplasts is not influenced by light intensity, the levels of 
GR, ascorbate peroxidase and DHA reductase increase 
50 to 100% in response to increases in light intensity 
(Gillham and Dodge 1987). Further, the elevated levels 
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of these enzymes at the higher light intensity reduce the 
rate of paraquat-induced chlorophyll bleaching. 

In summary, a solid body of evidence confirms the 
operation of the Foyer-Halliwell HjOj scavenging sys- 
tem in chloroplasts, and calculations based on enzy- 
matic rates and substrate concentrations support the 
conclusion that it can operate at the rates necessary to 
detoxify the HjOj generated in the light by the Mehler 
reaction. 

H2O2 reduction outside of the chloroplast 

The enzymes discussed in the previous sedipn are lo- 
cated primarily in the chloroplast, but sufficient activity 
is present in the cytoplasm to allow the operation of a 
similar pathway there, which is the case in Euglena, 
where the enzymes are exclusively extrachloroplastic 
(Shigeoka et al. 1987). In legumes, all three enzymes 
are present in the root nodules (Dalton et al. 1986, 
1987); in peas, the GRs purified from chloroplasts and 
roots are different (Bielawski and Joy 1986b). 

H2O2 generated during photorespiration, through the 
action of glycolate oxidase, is normally degraded by 
a peroxisomal catalase (Tolbert 1981). In a catalase- 
deficient mutant of barley and when barley, soybean 
and tobacco are treated with the catalase inhibitor, 
aminotriazole, photorespiratory H2O2 causes a 5 to 10- 
fold accumulation of glutathione, primarily as GSSG. 
(Smith et al. 1984, Smith 1985). Transfer of plants to 
2.5% CO2, in the light or dark, results in the reduction 
of GSSG to GSH (Smith 1985; I. K. Smith, unpublished 
results). 

The mechanism whereby HjOj causes oxidation of 
extrachloroplastic GSH is controversial. In animals, 
H2O2 and various organic peroxides in the cytoplasm 
are reduced by a selenium-dependent glutathione per- 
oxidase (EC 1.11.1.9) (Meister and Anderson 1983), 
but Smith and Shrift (1979) could not demonstrate this 
activity in a variety of plants and microorganisms. The 
issue has been further clouded by recent work with 
algae. Yokota et al. (1988) reported that addition of 
sodium selenate to the culture medium of the green 
alga, Chlamydomonas reinhardtii, caused the disap- 
pearance of ascorbate peroxidase and the appearance of 
glutathione peroxidase. By contrast, Gennity et al. 
(1985) reported that selenate-induced peroxidation of 
glutathione in the green alga, DunaUiella primolecta, 
and the red alga, Porphyridium criientum, was non- 
enzymatic and they suggested that glutathione perox- 
idation in the absence of selenate could be due to the 
operation of a "Foyer-Halliweir' cycle. These studies 
emphasize the need to purify cell homogenates before 
drawing conclusions about the enzymes that facilitate 
cell processes. Less easy to discount is the work of 
Overbaugh and Fall (1985). They purified to homoge- 
neity a glutathione peroxidase from Euglena gracilis, 
which lacked Se, and had a relatively high affinity for 
GSH (0.7 mM) and H^O, (0.03 mM). On the other 



hand, Jablonski and Anderson (1984) clearly showed 
that HjOz-dependent oxidation of glutathione by crude 
extracts from pea shoots requires a flavonoid, tenta- 
tively identified as kaempferol-3-(p-coumaroytrigluco- 
side) (KCG). They suggested that more than one pro- 
tein was involved, with one being a peroxidase belong- 
ing to the EC 1.11.1.7 class, as follows: 

KCG + H2O2 > phenolic oxidation product H- HjO 

oxidized phenol -I- 2 GSH > KCG + GSSG 



Net 2 GSH + H2O2 > GSSG + 2H2O 

In conclusion, whether extrachloroplastic H2O2 oxidizes 
GSH directly, via a Se-dependent or Se-independent 
glutathione peroxidase, or indirectly, via the Foyer-Hal- 
liwell cycle or an oxidized phenol, GR will be required 
to regenerate GSH. 

Thiol :disulfide status and biological stress 

The idea that glutathione and GR are involved in toler- 
ance to or avoidance of biological stress was developed 
in Levitt's thiol: disulfide hypothesis of frost injury and 
resistance in plants (Levitt 1962). According to this 
hypothesis, frost resistance would result from preven- 
tion of thiol oxidation, thiol: disulfide interchange and 
formation of intermolecular disulfides. Since 1962, the 
recognized importance of lipids as the major structural 
component of membranes has resulted in more empha- 
sis on lipid oxidation, but even here, GSH may play a 
key role in protecting membranes from free radical 
damage by trapping oxygen radicals in the aqueous 
phase (Barclay 1988). Discussed solely in the context of 
glutathione, the following are required; a pool of glu- 
tathione for the oxidant scavenging or reducing system, 
an active GR to regenerate GSH, a supply of NADPH, 
and operation of the system at low temperature. The 
latter is a crucial, but frequently overlooked consid- 
eration. 

Low temperature stress 

Evidence that glutathione and GR play a role in frost 
tolerance is correlative. The paper by Esterbauer and 
Grill (1978) on seasonal variation of glutathione and 
GR in needles of spruce is typical and often quoted. 
They measured an annual cycle during which glutath- 
ione increased from 70 nmol (g fresh weight)"* in Au- 
gust to 700 nmol (g fresh weight)"* in February and 
March, and then declined. Similarly, the average ex- 
tractable GR activity in the leaves of 22 evergreen win- 
ter hardy plants varied from 0.76 units in July to 2.58 
units in February. At least in spruce, these yearly cycles 
were independent of the age of the needles and contin- 
ued for several years of the study. 

However, the work of Guy, Carter and coworkers 
(1982, 1984) illustrates the danger of correlations. In 
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1982 they demonstrated a correlation between glutath- 
ione content and frost hardiness, by companng potato 
leaves ivy leaves and dogwood stems. They imphed, 
without explicitly stating, that a causal relationship ex- 
isted However, in 1984 they concluded that GSH con- 
tent does not have to increase for cold acclimation in 
dogwood. Exposure of plants to S^C 6 weeks in a 
growth chamber resulted in increases in GSH (,55U/o) 
and GSSG (109%) (Tab. 2). However, when plants 
were grown outside, glutathione did not accumulate in 
the fall, even though the freezing tolerance of the stems 
increased dramatically. Disagreement between results 
obtained in growth chamber studies and field studies 
suggest that interactions between photopenod, temper- 
ature and light may be more important in determming 
the plant's response to low temperature than any single 
parameter. In orange seedlings {Citrus sinensis L. Os- 
beck) GSH, GR and the GSH:GSSG ratio increased 
during cold acclimation at 10°C. However, treatment of 
plants with dichlormid, a herbicide amidote that in- 
creases the glutathione content, does not increase their 
freezing tolerance, again leading the authors to con- 
clude that neither glutathione content, glutathione re- 
ductase activity nor GSH to GSSG ratio has any direct 
involvement in the development of leaf hardiness m 
citrus. (Guy et al. 1984). They suggested that the accu- 



mulation of glutathione - in plants exposed to low tem- 
perature with adequate sulfate - was due to the storage 
of excess reduced sulfur when the demand for sulfur- 
containing metabolites declined (see Rennenberg 1982, 
1984). Similarly, de Kok et al. (1981) found no signif- 
icant change in frost tolerance of spinach leaves, as 
measured by electrolyte leakage, when the SH content 
was raised from 50 to 250 nmol (leaf disc)"', de Kok and 
Oosterhuis (1983) demonstrated a two-fold increase in 
water soluble non-protein SH and GR activity in spin- 
ach exposed to short days (8 h) and low temperature 
(4"'C) and the frost tolerance of the plants was lowered 
by more than 4»C. However, shoot growth was reduced 
more than 80% at the lower temperature, indicating 
that a variety of metabolic and developmental processes 
were affected. When soybean plants are grown at 5°C, 
the total amount of glutathione increases along with a 
significant increase in the percentage of GSSG. In addi- 
tion trifoliate leaves have a greater increase m total 
glutathione than primary leaves. The amount of extrac- 
table GR is not influenced by growth at 5 C (Tab. 2; 1 . 
L Vierheller and 1. K. Smith, unpublished results). 

Many enzymes are adapted to function optimally 
within the normal temperature range of the organism: 
kinetic parameters that are highly temperature sensitive 
are K„ and K^, (Somero 1978). Burke and coworkers 

453 



Physiol. Plant. 77. 1989 



THIS PAGE BLANK mm} 



(1987) utilized the concept of a "thermal kinetic win- 
dow", which' is the optimal thermal range for an orga- 
nism. The apparent of a critical enzyme would have 
its minimal value and maximal insensitivity to temper- 
ature in this range (Burke et al. 1987, Mahan et al. 
1987). The GR from several species have K„s that vary 
6-fold between 15 arid 45°C (Mahan et al. 1987). The 
"thermal kinetic window" was calculated to be from 
12.5 to 22°C in spinach. However, in a previous study, 
the lower K^s for cold-hardened spinach was attributed 
to accumulation of a new isozyme (Guy and Carter 
1984). These results highlight the danger of measuring 
K^s in unfractionated cell homogenates: it is impossible 
to know whether the K„ of the predominant isozyme is 
being influenced by environmental conditions or if the 
change in "composite is due to a change in the 
relative amounts of isozyme with different K„s. 

High temperature stress 

Studies of the effect of high temperature stress on glu- 
tathione levels and extractable GR are limited. In maize 
(Zea mays L.), heat shocking of roots at 40°C caused an 
increase (17%) in glutathione by increasing the activity 
of the biosynthetic enzymes (Nieto-Sotelo and Ho 
1986). In the same study, however, an unidentified 
compound, which was not a thiol, increased 8-fold in- 
dicating that the change in glutathione was modest. 
Recently, GSH was shown to stimulate transcription of 
various defense genes when supplied to suspension cul- 
tured cells of bean (Phaeolus vulgaris L.; Dron et al. 
1988, Wingate et al. 1988). Among the genes affected 
were those that encode cell wall hydroxyproline-rich 
glycoprotein, phenylalanine ammonia lyase and chal- 
cone synthase. Two aspects of this study are notable; 
first, the response was elicited by very low (0.01 mM) 
concentrations of GSH, considering that the concentra- 
tion of GSH in the cytoplasm is probably higher than 
0.1 mM (Klapheck et al. 1987) and some of the trans- 
ported GSH is degraded (Rennenberg 1981); second, 
the response was not elicited by GSSG, which would be 
a more reliable indicator of stress than a modest in- 
crease in GSH, considering that GSH normally varies 
2-fold during the day (Schupp and Rennenberg 1988). 
This study raises important questions that merit further 
investigation. 

Oxidative and water stress 

The potential role of GR and glutathione in tolerance 
mechanisms to oxidative and wiater stresses has been 
examined in several plants, but the results are equiv- 
ocal. 

Exposure of maize and cotton (Gossypium hirsutum, 
L.) plants to an atmosphere containing 75% O2 resulted 
in a 2- to 3-fold increase in extractable glutathione re- 
ductase (Foster and Hess 1980, 1982). The GR activity 
was twice as high in two ozone-insensitive cultivars of 
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bean {Phaseoius vulgaris L.) when compared to two 
ozone-sensitive cultivars, although enzyme activity was 
not influenced by O3 fumigation (Guri 1983). By con- 
trast, extractable enzyme activity was similar in ozone- 
sensitive and ozone-insensitive cultivars of spinach fu- 
migated with ozone for 1 day (Tanaka et al. 1985). 
However, the amount of GR, measured immunolog- 
ically, increased in an ozone-sensitive cultivar exposed 
to ozone for several days (Tanaka et al. 1988). 

Drought influences the amount of GR activity pre- 
sent in leaves, but the means whereby the enzyme is 
elevated relative to controls depends on the plant. In a 
glasshouse study with barley, withholding water for 5 
days caused an increase in GR (Smirnoff and Colombe 
1988). By contrast, water stress induced increases in 
enzyme activity in field grown cotton and winter wheat 
(Triticum aesdvum L.) were usually due to inhibition of 
the decline in activity, which normally occurs over a 
growing season in irrigated plants (Gamble and Burke 
1984, Burke et al. 1985). These latter studies also 
showed that leaf position and planting density are im- 
portant variables when investigating the effect of water 
stress on GR levels. Another dependent variable in 
field studies is temperature, because canopy temper- 
atures of irrigated plants are on average lower than 
those of dryland plants (Burke arid Hatfield 1987). 

Concluding remarks 

The role of glutathione and GR in the HjOj-scavenging 
pathway in chloroplasts is well established. By contrast, 
the functions of extrachloroplastic GR, under normal or 
stressed conditions, have received less attention; de- 
spite this, the available literature suggests some guide- 
lines for studies aimed at defining additional functions 
of GR. At the least, the following should be considered; 
changes in the total pool of GR may be less significant 
than changes in individual isozymes; in stress phenom- 
ena, investigations using resistant, tolerant and sensitive 
genera may be more illuminating than the effect of 
stress on a single genus or species; and finally, results 
obtained in greenhouse experiments must be confirmed 
in field studies, before conclusions can be drawn regard- 
ing the adaptive significance of the results. 
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CORRELATION BETWEEN CuZn SUPEROXIDE DISMUTASE AND GLUTATHIONE 
REDUCTASE, AND ENVIRONMENTAL AND XENOBIOTIC STRESS TOLERANCE IN 
MAIZE INBREDS 
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A hypothesis was tested that there would be cross-tolerance between various oxidant stresses, using drought-tolerant 
and intolerant maize inbreds. Membrane leakage was measured to determine oxidant damage without needing quantification 
of the enzymes and other factors involved in protecUon. Paraquat and acifluorfen tolerances paralleled drought and SO, tol- 
erances using this test. Thus, membrane leakage caused by oxidant generating herbicides can also be used to predict 
drought tolerance; a much harder character to ascertain. Drought and photooxidative herbicide tolerances were both signifi- 
canUy correlated with high leveU of CuZn superoxide dismutase (EC 1.15.1.1.) and with glutathione reductase (EC 1.6.4.2) 
activities. High levels of just superoxide dismutase or just gluUthione reductase did not correlate with any of the 
tolerances. 

Key wordsi CuZn superoxide dismutase; glutathione reductase; membrane leakage; paraquat resistance; stress cross 
tolerances; Zea mays L. 



Introduction 

The antioxidant systems in plants act as 
important stress tolerance mechanisms by 
protecting membranes against damage caused 
by the toxic oxygen species; superoxide (Oj"), 
hydrogen peroxide {Kfi^ hydroxyl radical 
COH) produced under environmental and 
xenobiotic stress conditions [1—6]. 

Cross tolerances were found between oxi- 
dant generating herbicides and environmental 
oxidants in different plant biotypes constitu- 
tively tolerant to paraquat. SOj, O3 (6J, and to 
photoinhibition [7). They also correlated high 
levels of the Halliwell-Asada oxygen detoxify- 
ing pathway with tolerance to the various oxi- 
dants as determined biochemically [5], and by 
genetic experiments [8]. Indeed, enzymatic 
activity of the Halliwell- Asada active oxygen 
detoxification pathway [3,4] has been sepa- 
rately correlated with induced resistance to 
moisture stress [1,9], hyperoxia stress [10], 
photooxidative plant tissue destruction by the 
herbicide paraquat [11], salinity [12], and O3 
stress [13J. Although it seems logical, there 



had been no previous correlation between 
constitutively high levels of these enzymes and 
transient drought tolerance. 

Paraquat radical is formed by siphoning 
electrons from photosystem L This radical is 
rapidly reoxidized by molecular oxygen result- 
ing in the formation of superoxide radical 
anion {0{) and paraquat. Superoxide can be a 
potent oxidant by itself or after dismutation to 
H3O2 and formation of hydroxyl radicals (*0H) 
in a Haber-Weiss reaction, or singlet oxygen 
(OjM after reduction [5,14,15]. Similarly, nitrodi- 
phenylether herbicides such as acifluorfen 
generate active oxygen species by stimulating 
the accumulation of protoporphyrin IX, a pho- 
todynamic pigment [16]. These active oxygen 
species are all very reactive and cause a cas- 
cade of lipoxidations resulting in chlorophyll 
bleaching and breakdown of plastid and cyto- 
plasmic membranes [5,14]. Lieakage of 
electrolytes [6.17], chlorophyll bleaching [6], 
and loss of photosynthetic activity [1,5,14] are 
symptoms of active oxygen reactions with 
these membranes and chlorophyll. 

The measurement of antioxidant activity by 
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the quantification of the activities of the Halli- 
weil-Asada pathway enzymes (superoxide dis- 
mutase, ascorbate peroxidase and glutathione 
reductase) [3,4] as well as their substrates is 
difficult, time consuming and expensive. Other 
measurements have been used; lipoxidation 
mediated formation of malondialdehyde [18], 
ethane evolution from oxidized tissue [19], and 
loss of chlorophyll content [6]. It is not practi- 
cal to use the above techniques for screening 
large amounts of genetic material for possible 
stress resistance, as an extension of such cor- 
relations. 

Potassium efflux can be measured using 
flame photometry, a potassium-specific elec- 
trode or by atomic absorption spec- 
trophotometry. Conductivity is an easy and 
inexpensive technique to measure total elec- 
trolyte leakage [17J. We demonstrate below 
that conductivity correlated with other 
measurements of stress tolerance in vivo and 
at the enzyme level. 

We present evidence supporting the 
hypothesis that constitutive cross-tolerance 
exists between chemical and environmental 
oxidant stresses using known drought tolerant 
and intolerant maize inbreds. Plants with a 
high potential for antioxidant activity should 
be protected against toxic oxygen species 
formed during oxidative stress and we show 
that they have little or no membrane damage 
when stressed. We also present data to sup- 
port the hypothesis that plants selected for 
stress tolerance by the above-mentioned tech- 
nique, are cross-tolerant to various other 
)xidant stresses. 

Materials and Methods 

Plant material 

Thirteen maize (Zea mays L.) inbreds com- 
monly used as breeding material in South 
Africa, including four with known tolerance 
characteristics (Table I), were planted in 25-1 
pots filled with quartz sand and irrigated with 
a nutrient solution, as previously described 
[20]. Four plants per pot with 4 replicates were 
planted in the glasshouse and kept at 30**C 



dayAS^C night ± 2*>C and 12h photoperiod. 
Samples for all tests were taken from the 
youngest fully expanded leaf at the time of 
sampling. The known tolerance characteristics 
(Table I) are based on visual pre-flowering 
reaction under field stress conditions and 
possible interval changes, due to stress, 
between anthesis and silking were eliminated 
by hand pollination. 

As no isogenic lines for the Halliwell-Asada 
pathway exist, two genetic lines each of the 
extremes in ranking for paraquat tolerance/ 
sensitivity (Table I) were used in cross-toler- 
ance istudies. 

Membrane leakage 

Four replicates, with two eight millimeter 
diameter leaf disks per replicate, were taken 
from test plants and incubated for 30 min at 
25^ and 48 mE m"* s"* in a growth chamber in 
paraquat, acifluorfen (sodium), or sodium sul- 
fite in 50 mM MES (pH 72) to generate SO^ as 
per Mikkelson et al. [21]. All solutions con- 
tained 1% Agrowett (Agroserve) or 0.2% 
Tween 20 to ensure even and complete wet- 
ting of leaf disks. 

After a 30-min incubation in the different 
solutions, the leaf disks were washed and then 
incubated for 24 h in 10 ml deionized water in 
test tubes at room temperature in the light. 
The leaf disks were removed and solution was 
filtered through 0.45 ^ Millipore filters. 

Potassium efflux 

Each solution was spiked to a final concen- 
tration of 1 g 1-1 cesium chloride to suppress 
ionization of potassium in the flame of the 
atomic absorption spectrophotometer was cali- 
brated with 1-8 mg l'\ K* and the potassium 
efflux resulting from the paraquat-induced 
membrane damage of cells was determined for 
each solution. 

Conductivity 

Total electrolyte leakage was measured in 
the cross-tolerance studies, employing a Radi- 
ometer type CDM2e conductivity meter after 
treatment of leaf disks with acifluorfen or SO . 
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Drought treatment 

Six selected maize inbreds were planted as 
before and watering was stopped on day 30 
after planting. Relative water content 
determinations [21] were performed at regular 
intervals for each of the six inbreds untU a 
defined maximum moisture stress of approxi- 
mately 55% relative water content was 
reached. Leaf material of each inbred was col- 
lected at all intervals, freeze dried and ground 
in a water cooled grinder. This ground, dry 
leaf material was used to determine Mn and 
CuZn superoxide dismutasc activities as well 
as glutathione reductase activity. Additional 
data were collected at regular intervals on K*- 
leakage, as well as malondialdehyde accumula- 
tion measured spectrophotometrically at 535 
nm after reaction with thiobarbituric acid [IT]. 
ChlorophyU was extracted, measured 
spectrophotometricaUy at 645 and 663 nm, and 
the concentration determined according to 
Arnon [23]. 

Enzyme analyses 

Two hundred milligrams of ground leaf 
material were extracted in 5 ml 0.1 M potas- 
sium phosphate extraction buffer (pH 7.5) 
conUining 0.1 mM EDTA. 200 mg polyvinyl- 
pyrroUdone (mol. wt. = 25 000). 1% w/v 
bovine serum albumin and 200 iM ^-mercap- 
toethanol and filtered through Whatman GF/A 
glass fiber filters. The extracts were used to 
determine glutathione reductase and superox- 
ide dismutase activities. The level of gluta- 
thione reductase activity was measured using 
the technique described by Carlberg and Man- 
nervik [24] by following the oxidation of 
NADPH spectrophotometrically at 340 nm. 
The initial rate of the reaction was determined 
and activity was expressed as jiniol of NADPH 
oxidized min"' 0.2 g" dry weight sample. 
Mahan and Burke [25] claimed that 5 mM /^ 
mercaptoethanol inhibits glutathione reduc- 
tase activity. Other workers [5,6,8] included p- 
mercaptoethanol in extraction buffers and 
were able to measure glutathione reductase 
activity, as is also shown in this study. The 
levels of Mn and CuZn superoxide dismutase 



activities were also measured using the above 
extracts according to Geller and Winge (26J. 
This method involves the inactivation of Mn 
superoxide dismutase by sodium dodecyl sul- 
fate (SDS), which does not affect CuZn super- 
oxide dismutase. The SDS was then removed 
by precipitation with 3 M KCl at 6°C and 
centrifugation at 20 000 x The supernatant 
was assayed for superoxide dismutase activity, 
measuring inhibition of nitrite formation from 
hydroxylammonium chloride oxidation at 
630nm as described by Elstner and Heupel 
[27). Mn superoxide dismutase activity was 
measured by assaying the sample before SDS 
treatment in the presence of 2 mM cyanide, 
which inhibits the CuZn enzyme by 94% [26] 
but does not affect the Mn enzyme. Units (U) 
of activity were calculated from absorbance 
values obtained by treating a known concen- 
tration range of superoxide dismutase from 
horseradish (Sigma) as described above. A unit 
of activity for this superoxide dismutase is 
defined as that amount which causes 50% inhi- 
bition of cytochrome c reduction as per 
McCord and Fridovich [28]. 

Results and Discusrion 

Paraquat Effects 

Increasing paraquat concentration should 
result in an increase of active oxygen in the 
plant tissue and thus cause an increase 
membrane leakage. These increases in mem- 
brane damage were clearly demonstrated by 
the increase in K*-efflux and total electrolyte 
leakage (Figs. 1 and 2, respectively). There is a 
noticeable loss in sensitivity to paraquat as test 
plants get older (Fig. 1), even though leaves of 
the same developmental stage were used for 
all determinations. The antioxidant system 
might function more effectively in older 
plants, as was shown for glutathione reductase 
activity in upper leaves of wheat [29]. How- 
ever, the opposite was found for upper leaves 
of cotton [11 and Tanaka and Sugahara [30] 
found that young poplar leaves had five times 
more superoxide dismutase than the older 
leaves, and the younger leaves were more 
resistant to SO^. 
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PARAQUAT (^M) 



Fig. 1. The effect of paraquat on K*-efflux from maize 
leaves of similar development but on different aged plants. 
K*-efflux was measured as percent of untreated controls of 
maize cultivar P473 leaf discs from the youngest mature 
leaves sampled from different age plants and treated with 
paraquat and following the protocol as described in Mate- 
rial and Methods. The untreated control value was 0.5 mg 
l-» K*. 



400 




Fig. 2. The effect of paraquat on total electrolyte 
leakage from maize leaves of 20-day^ld plants of inbred 8 
(paraquat-sensitive) Total electrolyte leakage measured as 
conductivity for leaf discs taken from the youngest mature 
leaves. Leaf discs were incubated in different paraquat 
concentrations for an hour at 45 m~^~^ washed and left 
for 24 h in double distilled H^G, whereafter conductivity of 
the solution was measured and calculated as percent of 
untreated control. The untreated control value was 150 
fiMho. 



Testing inbreds for paraquat tolerance 

Thirteen maize inbreds were tested for 
antioxidant activity employing the K*-efflux 
test to assess the sensitivity of inbreds to 
paraquat (Table I). Three times more potas- 
sium leaked from heat sensitive inbred 2, and 
135% more from drought sensitive inbred 3 
than from the most paraquat-resistant inbred 
line 11. Drought-resistant inbred 10, and heat 
resistant inbred 1 were not quite as resistant 
to membrane damage as inbred 11. These 
results already suggest cross tolerance 
between paraquat-tolerant and environmental 
stress-tolerant biotypes. Inbreds 11 and 12, 
were chosen for use in drought experiments as 
representing the tolerant biotypes, 5 and 7 the 
intermediate, and 3 and 8, the sensitive bio- 
types. The tolerant and sensitive pairs were 
used in cross-tolerance studies. 

Enzyme activities correlated with drought and 
paraquat tolerance 

Inbreds 11 and 12 (paraquat tolerant) had 
significantly higher CuZn superoxide dismu- 
tase and glutathione reductase activities than 
the rest of the inbreds, which did not differ 
significantly from each other (Table I). How- 
ever, no relationship was found between the 
Mn superoxide dismutase activity and para- 
quat susceptibility or tolerance. This is prob- 
ably due to mitochondrial localization of this 
enzyme [10,1131]. Mn superoxide dismutase 
would not be able to participate in the plastid 
associated Halliwell-Asada pathway. Matters 
and Scandalios [10] similarly found that maize 
plants subjected to elevated 0^ stress had 
increased CuZn superoxide dismutase, but had 
normal levels of the mitochondrial Mn super- 
oxide dismutase activity. CuZn superoxide 
dismutase and glutathione reductase are found 
in the plastids [1,5,29], and a different CuZn 
superoxide dismutase isozyme is also found in 
the cytoplasm [5,8,10]. 

The CuZn superoxide dismutase activity of 
inbred 8 and glutathione reductase activity of 
inbred 3 (both paraquat sensitive) were the 
lowest (Table I). This may indicate that the 
activities of different enzymes could be rate 
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Table I. Paraquat tolerance and oxidant detoxifying enzyme activities oi 13 maize inbreda. 



Inbreds 



Breeders 
classification' 



Paraquat 


Antioxidant-enzyme activities^ 


tolerance 






K*-leakage 


MnSOD 


CuZn SOD 


(mg l-»)^ 


(I.U.) 


a.u.) 


2.0 a 


3.3 ab 


7.1 a 


2.2 a 


2.9 be 


7.7 a 


2.2 a 






2.7 ab 






2.8 ab 


2.5 c 


5.1b 


3.3 be 


2.9 be 


5.2 b 


3.3 be 






3.5 be 






4.3 cd 






4.7 de 


3.5 a 


5.8 b 


4.8 de 






5.5 ef 


2.9 be 


4.9 b 


6.2 f 







Glutathione 
reductase 



11 

12 
6 

10 
7 
5 
1 
9 
4 
3 

13 
8 
2 



Drought R 
HeatR 
Drought S 
Heats 



24a 
20b 



14 cd 

15 c 



10 d 
14 cd 



•Where no classification is given, there was no preliminary information. . • u-^ 

^Values in a column foUowed by the same letter do not differ significanUy at P > OM according to Duncans mulUpte 
range test. Maize inbreds ranked in order of high to low antioxidant activity, measured as the amount of K -leakage from 
4 Jpituatl^ea^ leaf disks of 20^ay.ld plants. R. resisUnt; S. susceptible; SOD. superoxide dismutase; glutathione 
reductase is expressed in ^mol N ADPH oxidized per min per 0.2 g dry weight sample. 



limiting in the oxidant detoxification pathway, 
rendering these two inbreds stress sensitive. 
The data in Table I, demonstrate that there is 
a direct relationship between concurrent high 
levels of both enzyme activities and paraquat 
tolerance (according to the K*-leakage test). 
High levels of one enzyme alone was never 
correlated with oxidant stress tolerance. 

Three membrane integrity parameters; K*- 
efflux in paraquat treated leaf discs and the 
formation of the lipoxidation product malondi- 
aldehyde and chlorophyll bleaching during 
moisture stress were compared with CuZn 
superoxide dismutase and glutathione reduc- 
tase activities in the same material (Fig. 3). All 
correlations between high concurrent CuZn 
superoxide dismutase and glutathione reduc- 
tase activities and membrane integrity para- 
meters were significant. The role of higher 
active oxygen detoxifying enzyme activities in 
maintaining membrane and chlorophyll intact- 
ness during oxidative stress are clearly seen in 
the negative slopes of the graphs in Fig. 3. The 
results in Fig. 3 indicate that there are mini- 



mum threshold activities for both CuZn super- 
oxide dismutase = 5 I.U. and glutathione 
reductase 12 pmo\ NADPH oxidized min"* 
per 02 g sample, below which there is no 
membrane protection during stress, resulting 
in maximum chlorophyll breakdown (Figs. 3E 
and 3F), KMeakage (Figs. 3A and 3B) and 
membrane lipid peroxidation (Fig. 3C and 3D). 
Threshold activities for maximum membrane 
protection were found with optimal enzyme 
activities of approximately 6.5 I.U. CuZn supe- 
roxide dismutase and 17 ^mol NADPH oxi- 
dized min-* per 0.2g sample of glutathione 
reductase (Figs. 3A-3F). Above these val- 
ues protection against toxic oxygen species 
was not further enhanced. 

The high antioxidant activity seems to 
maintain high chlorophyll content under all 
oxidant stresses. If chlorophyll breaks down, 
even during reversible membrane damage, it 
cannot be restored, resulting in a die-back of 
damaged leaves, inhibition of whole plant pho- 
tosynthesis and ultimately lower yields. In 
plants with an efficient oxygen detoxifying 
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Fig. 3. Correlation between superoxide dismutase and 
glutathione reductase with membrane integrity parame- 
ters. A, B. KMeakage was measured in paraquat treated 
plants and C-D malondialdehyde accumulation and E, P 
chlorophyll content was measured in drought stressed 
plants (as measures of loss of integrity). Scattergrams are 
made up from 3 replicate data points for each of the two 
paraquat/ drought-resistant maize inbreds (inbreds U, 12), 
intermediates (inbreds 5, 7) and paraquat-sensitive inbreds 
(3, 8). The untreated control values over various experi- 
ments for membrane integrity parameters are as follows: 
KMeakage s 0.5 mg l'^ malondialdehyde = 1.3 mM, chlo- 
rophyll = 110 Mg ml*^ •, paraquat/drought resistant, O, 
intermediate. X-paraquat/drought sensitive. Glutathione 
reductase activity (GR) is expressed as ymo\ NADPH oxi- 
dized per min per 0.2 g dry weight sample. 



system to maintain membranes, chloroplasts 
and chlorophyll are protected, insuring 
resumption of photosynthesis when the stress 
is over. Chlorophyll bleaching significantly 
increased during maximum moisture stress in 
low antioxidant activity maize inbreds 3 and 8 
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Fig. 4. The prevention of oxidative damage by high 
oxidant detoxifying enzyme activity levels. A. Membrane 
integrity of leaf discs treated with 4 /iM paraquat, with 
damage measured as leakage. Bars show relative oxidant 
detoxifying activity in drought and paraquat sensitive (3. 
8) and drought and paraquat tolerant (inbreds 11, 12). B. 
Moisture stress tolerance of the same maize inbreds at a 
relative water content of » 55% K, with damage measured 
as chlorophyll loss. Untreated control value for K*-teakage 
iB 0.5 mg 1'' and 110 ^ ml~' for chlorophylL The differences 
between sensitive and tolerant varieties are significant at 
the < 0.01 leveU as ascertained by Students <-test. 



(Fig. 4BK while membrane damage measured 
as K^efflux in paraquat treatments increased 
(Fig. 4A). These results could also suggest that 
inbreds with high oxidant detoxifying 
activities, should also be resistant to photoinhi- 
bition, as was found for paraquat-resistant 
Canyza [7]. High oxidant detoxifying inbreds 
should be better able to use light at high 
fluence rates, allowing more photosynthesis 
and increased yields. 

Cross tolerance 

Paraquat-tolerant maize inbred II, para- 
quat-sensitive inbreds 3 and 8 were used in 
cross tolerance studies (Table I, Fig. 4). 
Sensitive inbred 3 was always the most sensi- 
tive to paraquat, acifluorfen and SOj (Fig. 5). 
Inbred 8 always reacted as an intermediate 
while inbred II was always the most resistant 
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test 



by paraquat, acinuorfen, SO, and drought. The 
cross tolerances were obvious between the 
paraquat-tolerant maize inbreds. environ- 
mental and other xenobiotic stresses. 

The differences in sensitivity to xenobiotic 
stresses between the two sensitive inbreds are 
diagrammaticaUy shown in Fig. 6. Drought 
sensitive inbred 3 has higher CuZn superoxide 
dismutase activity (Table I) than the minimum 
threshold of = 5 LU.. but has low glutathione 
reductase activity (weU below the minimum 
threshold of = 12 jonol NADPH oxidized min-» 
per 0.2 g sample). This probably results m an 
accumulation of HjO^ and a high production of 
highly potent hydroxyl radicals via the Haber- 



Weiss reactions, and membranes are damaged 
(Fig. 6). The inverse of the above situation 
occurs in maize inbred 8. Inbred 8 has a rela- 
tively low CuZn superoxide dismutase activity 
(beneath the minimum threshold of « 5 1.U., as 
seen in Table I), but a relatively high gluta- 
thione reductase activity (above the minimum 
threshold of 12 >imol NADPH oxidized min * 
per 0.2 g sample). In this case, superoxide, 
which is not as potent an oxidant as hydroxyl 
radicals, accumulates and causes less damage 
(Fig. 6). 

Both enzyme activities are well above the 
minimum threshold activities in the paraquat- 
tolerant inbred 11. probably resulting in no 
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Fig. 6. Diagrammatic representation of membrane damage caused in nuiize inbreds 3 and 8 due to speciHc enz3rme 
deficiencies with probable explanations for differences in sensitivity to oxidative stress and damage. 



accumulation of oxidants or damage (Fig. 6). It 
is therefore important to note that high levels 
of just superoxide dismutase or just gluta- 
thione reductase are not sufficient to confer 
tolerance. In maize, definite minimum thresh- 
old activities for both enzymes were needed 
for tolerance. Ascorbate peroxidase, the pri- 
mary enzyme involved in plastid peroxide 
detoxification was not measured in this study. 
Ascorbate peroxidase has been correlated 
with cross tolerance to oxidant stresses [5,6,8]. 



The measurement of membrane leakage of 
paraquat-treated plant material proved to be a 
rapid and reliable estimate of oxidative stress 
tolerance as a total integrative function of the 
antioxidant activity. This happens because 
stress tolerance correlates well with concur- 
rent high levels of CuZn superoxide dismutase 
and glutathione reductase activities. Further- 
more it was found that biotypes selected for 
paraquat tolerance by such a technique, had 
cross tolerance to other xenobiotic stresses 
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like acifluorfen and SO^, as well as cross toler- 
ance to drought stress. Tolerance to oxidative 
stress is not increased above an enzyme activ- 
ity threshold of 6.5 I.U. superoxide dismutase 
and 17 ^moles NADPH oxidized min'* per 0.2 g 
sample of glutathione reductase. The fact that 
chlorophyll content and presumably plastid 
integrity is preserved in tolerant genotypes, 
suggests possible photoinhibition tolerance, 
which could result in more stable and even 
higher yields in such genotypes in environmen- 
tal conditions where there is transient drought 
stress. 
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INTRODUCTION 

Oxidative stress, resulting from the deleterious efrects of reduced oxygen 
species, is an important phenomenon in many biological systems. Superoxide 
dismutascs (SOD) have been identified as an essential componeni in an 
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